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ORBIT DECAY ANALYSIS OF
STS UPPER STAGE BOOSTERS

by
Otis F. Graf, Jr. and Alan C. Mueller

1.0 BACKGROUND AND INTRODUCTION

During the next decade, the Space Transportation System
(STS) will launch many missions to geosynchronous orbit.
Expendable upper stages will be used to boost the payloads
out of near earth orbit and into the geosynchronous transfer
orbit. After the mission is completed, these boosters re-
main in the transfer orbit. It is of some concern that over
the years, these upper stage boosters could pose a hazard to
future space missions. Thus, the purpose of this task was
to study the lifetimes of the geosynchronous transfer orbits
and to analyze the orbit decay.

This task (Exhibit "D", Contract NAS9-15444) is a follow-
on to a previous study under Contract NA89—15444.+ That study
showed that the geosynchronous transfer orbits can experience
large variation in perigee altitude. It was also shown that
the orbitswill rapidly decay for some initial conditions.
However, the previous studies were based on a trajectory pro-
gram (DSTROB) that did not include the effects of atmospheric
drag. Thus,' actual orbit decay studies were not carried out
in the previous study.

T This study is reported in ACM Technical Report TR-115
"A Study of the Lifetimes of Geosynchronous Transfer

Orbits'".
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The next section contains a summary of the work that was

carried out under Exhibit "D". Appendix A contains the slides

that made up the Final Presentation of the work to the Johnson
Space Center. These sliides include deﬁails on the launch

window studies. Appendix B is a copy of a paper that was pre-
sented at the 1979 AAS/AIAA Astrodynamics Specialists Conference.
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2.0 SUMMARY

Atmospheric drag effects were added to the DSTROB'r

trajectory program. The perturbation models are described
in Appendix B. The program was optimized for fast execution
in a demand (interactive) environment. A twenty year time
history of a geosynchronous transfer orbit can be computed
in about 5 seconds. The accuracy of the DSTROB algorithm
was checked against precision numerical integration methods.

Orbit lifetimes of the transfer orbit were studied for
several planned STS geosynchronous missions. Included in
the study were the SUSS-A and SUSS-D Dboostoers on  SPTS-0,
the IUS booster on 8STS-7, and the SUSS-A booster on
STS-8. Time history plots of perigee altitude were gener-
ated, using the DSTROB program. These plots are included
in Appendices A and B.

Because of the fast execution time of DSTROB , it can
be effectively used for parametric studies and scans. A
driver routine for DSTROB was developed, that allowed orbit
lifetime plots to be generated as a function of the initial
longitude of the ascending node. This driver routine will
generate trajectories on 10° increments of ascending node,
and store the lifetime values on a mass storage file. The
data can then be submitted to a plot routine for automatic
output of figures. It was found that the initial ascending
node and epoch are important parameters in determining orbit
lifetime.

The study also included development of launch windows,
such that the transfer orbit will decay within two years.
Launch windows were given as a function of either initial

t This is prototype program that was developed under
Exhibits "C" and '"D" of Contract NAS9-15444. DSTROB

resides on the JSC Univac 1108/8 system.
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ascending node or launch time. Example launch windows are
included in Appendix A. These launch window figures were

drawn by hand, using data that was generated by DSTROB ,

and a calculator program to compute launch time. However,
the process could be automated sa that‘a computer program
would produce a hard-copy launch window figure.
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SUMMARY OF THE STROBOSCOPIC METHOD

DEFINE

- e— —

a =a — a

n N+ n
WHERE an IS THE VECTOR OF ELEMENTS AT THE
N -TH PERIGEE,

A'in IS GIVEN BY AN ANALYTICAL EXPRESSION:
AT =7 t.)
n f nn




P T

SUMMARY OF THE STROBOSCOPIC METHOD
(CONCLUDED)

COMPUTATIONAL ALGORITHM

'50 = INITIAL ELEMENTS AT PERIGEE

(1) evavate  AZ ={(@ ,t )
@ &,m Wrae,
(3 n+l—n

(%) 6o 10 (1)
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AERODYNAMIC MODEL IN D STROB

CONSTANT BALLISTIC NUMBER VALUES USED IN CURRENT
SIMULATION:

Cq = 2.2

IUS
MASS = 2200 Ibs. (998 ky.)
AVERAGE AREA = 84 £t* (7.8 n?)

SUSS-A
MASS = 700 1bs. (816 ky.)
AVERAGE AREA = 42.2 2t (3,92 n?)

SUSS-D
MASS = 515 lbs. (284 kg.)
AVERAGE AREA = 27.4 £t (2,55 w?)
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g = - 4

AERODYNAMIC MODEL IN DSTROB
(CONCLUDED)

® DENSITY MODEL

h-1
p hs

DENSITY AT PERIGEE

©

=

PERIGEE ALTITUDE

p—
—
-

s SCALE HEIGHT

h | CURRENT ALTITUDE

COMMENTS

(1) p, AND hg ARE COMPUTED BY USING THE JACCHIA 71/LINEBERRY
DENSITY MODEL.

(2) P, IS THE DENSITY AT THE "GEOMETRIC"” PERIGEE,

(3) Pp AND h. ARE RECOMPUTED AT EACH STROBOSCOPIC STEP,
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NECESSARY CONDITIONS FOR IMMEDIATE
DECREASE IN PERIGEE ALTITUDE

® PERIGEE ALTITUDE WILL DECREASE WHEN ECCENTRICITY
INCREASES

® FOR AN APPROXIMATE FORMULA, NEGLECT THE FOLLOWING
EFFECTS:

« AIR DRAG
« sIN I, siNe

* ORBITAL. MOTION OF THE MOON AND SATELLITE

® THE CHANGE IN ECCENTRICITY IS APPROXIMATELY*

2 2 _"
=~ 18 N aCyt-e’
465 7 Gen-a) osfz (rgm-wr) -

- Co5 [.2 (2@ -_Q-—u/>07

.>\@ = MEAN LONGITUDE OF THE SUN
’

<L T - .36 pec/DAY

W~ 2,62 DEG/DAY

TTHIS FORMULA WAS SUPPLIED BY
PROFESSOR JOHN V. BREAKWELL

DEPARTMENT OF AERONAUTICS AND ASTRONAUTICS
STANFORD UNIVERSITY
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NECESSARY CONDITIONS FOR IMMEDIATE
DECREASE IN PERIGEE ALTITUDE (concL.}

® USING THE PREVIOUS FORMULA, 1T CAN BE SHOWN THAT
THE GREATEST INITIAL INCREASE IN & OCCURS WHEN

(';Ns»"“‘w(l.)c, = ;f TC%L

(dﬁ“ﬁ>a:r 7772-

® THIS RESULT IS ILLUSTRATED IN THE NEXT SLIDE.

e - e ianiins

% 4

gk
7

P S




('930) O — So
09¢ 082 002 0ZT 0¥

14 - v H H F M 0g

M

.

/ m
S Vi e - ~ 00T

% 7

/ Y :

/ \ |

/ \ i

pd
i d !
]

3 \ #J _» ——

/\ NN
— ooz

.
i 00€

Ope « o_ . od
0="0 ‘“,982= 1" wigsl = 4 (q)

HONNY1 40 dv3IA 40 3WIL

SKYJS 4313Wvdvd IWI134IT LTG0

.,* X

(WX) dV3A 3INO NI 3aNLILIV 3391¥3d WNWINIW

ISR APPR

PN




A e e e

DR o

o Th T TR e

p"- e
4

(*930) 3dON ONIANIISY

09¢ (o}
| T T T T T T T I

—4 091
QO
. =
— (o]
-—
o
— 02¢ by
m
-
=
- m
os¥ mw
. =<
2

— 099

“_ —
008 :
H
d
uf G8T = U 0861 3Isn3ny .2
NV2S IWIL34IT @-S309



AR S At

o n —yen

awi g1 = %y V-SSNS/d-SH05 8-SIS 4OpuIy youne]

(°8aq) opoN ZBurpuadsy

we o or  wz  om  ow  om ot o e w0
OO T TTT T L] P L X[ XXX 530
X e Y ¥t | L] non

T XX XX KX DOxylxe {120
RO Y mﬁxxmxx s
R T T S xxxxxxx ony
o T R Y PIX K] e
ST ] mxxxxxxx§ﬁ,wmw‘”mw X| X[ X|-nr
s rail vz e
O mewxxgx_xx%mw |y

B mmw,mwwxxx&mx& ST o0 T e
Lw_w MM*wwxxxxxg X[XX @Mww.wﬁwxxxxxxx 53
xggmwmwmm~kxxxx?x&x&mWMmehkmxxxxxxég

. - N
PRSP CTSETI T, SRR

TET 390



0o€

0L¢

o1z

Sni/sdqalL
(-3aq)

081

3pON BuTtpuaosy

L~-SLS MOpUTH UOUN®E]

0s1

0ct

06

09

ot

X

X

X

%,

*J3a

*AON

- *d3S

o v—

| *onv

| X | X | X

< | X | X | X

XX X | | X| X[ X

*NAP

y\

AV

x

XX X X >

‘ydv

XLX I XX X} X[ x| X| x| X

'YW

<[ x

5»:;;{

<

< x| x| x
| x| x| %

X| X[ X | X|X| X|X| >X|X]|>X|>X]| x
XX X X X[ XX | X[ x| ! X

X | X X[ X | X]| X! X| | x| >X]|>x] %

XIXIXIX | X XX XIxw| x| x| X

‘434

'NYP

‘120

*Inr,

186T 31vQ

(IRTLS

[ 7 S

T



“_. wy zgz = %% SNI/SYAL  L-SLS mopury youneq
w (*3aq) 3poN Mnﬁucmog.
w 09¢ OfE 00€ 012 (1144 012 081 0ST 0z1 06 09 0] 0
w x X x | ‘230 T
!
W "AON T W
| P 120 1T
3
x X K '‘d3s T 3
m “ X X X X _ ] ; ! onv T
! T “ T i =8
§ “ XXXXXW ] /LT ST
! m “ m s
| | X|X| |X | wr £
; | 1 3
w ; Py ;
m . m : : AVW T
'¥dY T
X X ‘YW T
I XX |X[X|x . ‘934 T
XIX(X| |X i.zi, T




wy 981 Ody  mopuiy youney 3-$309

b S

T oA T

(1W9 ‘s1noy) J50-H17 o auy
8T 11 et b 3 ¢ 0

X X ¥|x X X xhe x x|x X e
.x*x | ¥ X\ X X X% ¥ o T
X X X |X X x| x| 0y XX x x| 3
x*xxv*x X XXX X X[X | X nmmﬁ 1
,m X oA XX XX xxf};xxx | ony T j
| xxx.x*xx X X Lx”xxxx M,_:_im i
X X XX X X xpxx#xwxsx et oz :
kxwx*xxxx X|x X wax -Lmz_..,;w
] o xx oA x xxxxmxxxx BT |
XX XX XXX X X XX X x X o T .,

| x k x'x kx|x X XiX X X|X XK X a3y T

_ 4 xaxx*xx | : *xx%xx "Nyl T




i dat o o odaiie cht A A T
I bl o e it s o 2l

wy ggy = %9y
(1W9 .2_:.5

MOpUIM youne] syq1i
Ho-417 jo aunj

hZ ST cr 6 9 ¢ 0
| Lk Lxxxx LT
u#x xxLxx X |X a0y T
xLx X% % %X % %% oo,
xxxwxxxx&xxx T

i ! m
X x| x ok xlxodx . .

i
X x X X X % ¥ X % x| x¥ Foer
X X XXX x x| X L .
X X x| X KXTxx _m...qua
FERIY SR

]
XTXX X fravyg T
X X X *xxy. .\.mmu_a
X (X _ Lxx _,_.z%m

1861 31va

cAd

Feiinlil



L

S i A

T R T

LITY

-

4§ ‘3wl pawpurss usazsey
‘wee

u 6 ¢
I ] |

RULTL IS

m
o

il 6

©
i~

- {4 P24
!

! e 1 |

m
_
~
2.35.5_5:..5
§i 9t R o ot

i ! :

—
—r—

J ]
! !

[

] ] .
SYVIA OML NIHLIM

AvI3a L1840 ¥3asnvar —= V07

-
ny
n
i
.
'

N 1 1 ! |

“CDULM LIUNE| digeLeay

2E:285z

4934940

f | §E-ossl

USL3IACUL Ipou Suppuadse SE3L

£E:9L:02 U 92:02:6:

u0L333fu} pou 6uppuarsap sugr

J11S0dW0D MOGNIM HINNYI

<

SIZo.v 3umR) 3 tzizadae ~ _.

34547 AS1SI4T uueys. ¢

«J.IR6 Lt 31940
SPCLI-_Z L5038 pu2 -.izuo 4338uksl 2
F2EZ JounE (i %7 Aseruce -

"

N

S

T3LTH

£-S1S

T

R S T s

Ly,

ke e

o

oy




¥~ ———

i e YR e B

CONCLUSIONS AND RECOMMENDATIONS

® THE MOST RAPID ORBIT DECAY OCCURS WHEN THE SUN'S
RIGHT ASCENSION IS 90° AHEAD OR BEHIND THE
ASCENDING NODE OF THE TRANSFER ORBIT.

® THE TRANSFER ORBIT SHOULD BE DESIGNED SO THAT THE

INITIAL PERIGEE ALTITUDE IS LESS THAN 232 kM (125NM).

* ALLOWS ADEQUATE STAY-TIME IN TRANSFER
ELLIPSE.

* ALLOWS POSSIBILITY OF FUTURE ORBIT DECAY,

® TRANSFER ORBIT DECAY LAUNCH WINDOWS CAM BE GENERATED

FOR EACH MISSION AND INTEGRATED INTO THE COMPOSITE
LAUNCH WINDOW.
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SUMMARY OF THE WORK

A SEMI-ANALYTICAL TRAJECTORY GENERATION METHOD
(DSTROB) HAS BEEN DEVELOPED AND TESTED. 1IT IS
APPLICABLE TO GEOSYNCHRONOUS TRANSFER ORBITS,

ORBIT DECAY PREDICTIONS WERE COMPARED TO AIR

FORCE TRACKING DATA. GOOD AGREEMENT WAS
OBTAINED.

A STUDY WAS MADE ON THE ORBIT DECAY DYNAMICS OF
GEOSYNCHRONOUS TRANSFER ORBITS.

UPPER STAGE ORBIT DECAY WAS STUDIED FOR CERTAIN
PLANNED STS MISSIONS,
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SUMMARY OF THE WORK (concL.)

® A PROTOTYPE COMPUTER PROGRAM WAS DEVELOPED TO

PROVIDE ORBIT DECAY PARAMETER SCANS AND LAUNCH
WINDOW DATA.

A TECHNIQUE WAS DEVELOPED FOR DETERMINING ORBIT
DECAY LAUNCH WiNDOWS FOR STS UPPER STAGE MISSIONS.

UPPER STAGE ORBIT DECAY LAUNCH WINDOWS WERE
GENERATED FOR CERTAIN STS MIsSsIions.
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A STUDY OF THE LIFETIMES OF GEOSYNCHRONOUS TRANSFER ORBITS

By -

Otis F. Graf, Jr.
Alan C. Mueller

Analytical and Computational Mathematics, inc.
Houston, Texas

AAS/AIAA Astrodynamics
specialist Gonference

PROVINCETOWN, MASS/JUNE 25-27, 1979
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A STUDY OF THE LIFETIMES OF.
GEOSYNCHRONOUS TRANSFER ORBITS*

Otis ¥, Graf, Jr. and Alan C. Mue]lcr+

The study concerns the orbit lilfcetimes of spent upper
stages that are usaed to boost NASA Space Transporta-
tion System payloads into geosynchronous transfer or-
bits, A seml-analytical wethod ol trajectory compu-
tation was developed and applied to these particular
orbits. This wethod allowed very fast computation of
orbit lLifetimes, Lt was found that gravitational
perturbations of the sun, moon ad ohlate carth cause
farpe changes In the perigee altitude,  Lifetimes

may vary from a few months to many years. The follow-
ing parameters have o strong inllucnce on orbit life-
times: Time of year of launch; lnertial orientation
of orbital plane; Llnelination ol orbital plane, The
transfer orbits can be designed to decay within one
year if the initial perigee altitude is less than

231 km. However, there are restrictions on orbit
plane placement and time of year of launch. The

time of year restriction does not apply if initial
perigee 1s lowered to 185 km,

INTRODUCTION

Statement of the Problenm

The NASA Space Transportation System (STS) offers new cconomies for plac-
lug payloads into carth orbit. ‘here will be new opportunities to orga-
nizations for operating thedlr devices in space. Thus, there will be a
much wider utilization of space as a resource for applicacions,

At the same time, however, the increasing nuwmber of satellites will in-
crease the possibilitices ol collision in space.  [n the past, wost

Presented at the AAS/AIAA Astrodynawics Specialist Conlerence,
Provincetown, Massachuscltts, June 25-27, 1979,

Analytical and Computational Mathewatics, Inc. Houston, Texas,
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satellites were In near carth orbit, where alrv drag eventually forced
thom to fall back co earth, Now, however, many satellites will be put
lnto geosynchronous orbit, using the Laterim Upper Stage (1US) or Lhe
Spinning Solid Upper Stage (SSUS).

For cach satellite launched into geosynchronous orbit, one or more upper
stages will be lefe in the transfer orbit, These orbits have a low peri-
gee and will intersect the orbit of the Shuttle. Also, these orbits can
have a very long Lifetime., During the ton year period 1980-1990, there
are 164 planned geosynchronous missions using the STS Space Shuttle

(Ref. 1).

The purpose of this study was to investigote the orbit lifetimes of the
spent upper stages that are usad to boost 51§ payloads into geosynchronous
transfer orbits. The upper stage vehdicles remain in the transfer ovbit.

It 1s assumad that the transfer orbit has an inicla) perigee altitude of
300 km and an apopee altitude of about 35,785 km. The scale of the ovbit
is shown In Fig, L. Lt can be seen that the peripee altitude has a rela-
tively small scale,  Thus, a swmall change v Lhe size or shape of the
orbit can drastically ralse or lower porigog,
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Fig. 1 Scale of Geosynchronous Trunsfer Ouvbic
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The orbit geometry is shown fn Fig. 2, Detine the following symbols:

€ Augkuobuquun the veliptic plane and the equatorial plane
(23.57).

7‘ Direction of the vernal equinox.
€ Angle of the ascending node of the satellite orbit on the equa-
tor, measured from the equinox.

I Inclination of the geosynchronvus transfer orbit relative to the
equatoy,

a Right ascension ot the sun,

LU EIC PLANG

Lot L TAL
PLANL

Fig, 2 Orbit Goumetry

Since the geosynchronous orbits are placed at zero inclination, it is as-
sumad In this study that the transfer orbit inclination will be less than
the Shuctle parking orbit inclination. That is, I wlll be equal to ox

less than about 28 degreues,

Sunmary of Regultsg

Lt was found that the gravitational perturbations of the sun, moon and
oblate earth can wmake large changes in the perigee altitude of the peo-
synchronous transfer orbits.  Some translor orbits wmay have a DLCet bue
of only a few wmonths, lu other cases, the perigece altitude is raised so
that the orbit will have an evxtremely long Lifetiwme.

The dmportant results are listoed below:
1. The following parametors have a strony influence on orbit lifotimes:
Time of year of launch.

Inertial orientation of orbital plane.
Inclination of orbital plane. '

(3)
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2. The most severe decay in perigee allitude occurs when the initlial
longitude of ascending node is near 180 degrees.

3. If the initial perigeo altitude is less than 231 km (125NM), the
transfer orbit can be desiphed to decay within one year.

4. Geosynchronous transfor trajectorles may have lifetimes of wany
years for some cases,

EFFECTS OF THE DIFFERENT ORBLT PERTURBATIONS

The geosynchronous transfer orbits ave strongly perturbed by the follow-
Ing forcas: (ravitation ol the oblate carth (JQ), Gravitation of the
moon (point mass), Gravitatlon of the sun (poinE mass), Atmospheric drag.

All four of the above perturbations are of equal importance, ‘There is at
present, no analytical solution to the wotion of a satellite in a geosyn-
chronous transfoer ovbit (Refs. 2 and 3). Since all perturbations are of
about the same magnitude, o Pinvar perturbation method does not yield an
accurate solution,  Thevetare, trajectory genceration must be done with
numerbeal or sumb-analytical wethods.  This aspect of the problem is dis-
cussed in the next scectlon.

The effects of the different gravitational perturbations on perigee alti-
tude are shown in tig. 3. The small oseillations ave caused by the
monthly revolution of the wmoon in its orbit. 1t can be seen- ln Fig. 3
Lthat the magnitudes of the pecturbations are all about the same.

300
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5 + QO
w 200
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=
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<
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o
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0 80 160 240 160 400
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Fig., 3 Effcect ol the Ditierent Gravitational
Perturbations on Peripee Abtitude
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Lt was Cound that atmospheric drag does not have an laportant efleet on

orbit decay when perigee altitude is above 150 km.

The effects of air

drag on orbit deecay are shown in iy, 4.

The drag model was based on

the burn~out welght and average cross-scetional area of the Spinning
Solid Upper Stage (SSUS). As the gravitational perturbations bring peri-

gee down, air drag causes the apogee to drop.

As the apogee comes down,

the sun and moon perturbations on perigee are less severe, Therefore,
perigee drops less rapidly tor the drag-perturbed case than for the case
where drag is neglected.
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Fig. 4 BLlltects ol Drag on Orbit Decay

For this study it was important to determine ¢ thweshold perigee altitude,
defined as the maximum perigece altitude lTor which the satellite will deor-
bit within 90 days. That is, at any perigee altitude below the threshold,
atmospheric drag will be coertain to deorbit the satellite within 90 days.

The determination ol the threshold perigee altitude h was done by

taking a case where the gravitational perturbations had the strongest
effect on radsing peripee. Sceveral trajectories were simulated using the
KSFAST program on the UNLVAC 1110 computer (Ref. 4). Each trajectory was

initialized at a different perigee altitude h)o . The evolution of

perigee altitude h) for several cases is shown in Fig. 5. It was
l
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found that orbit lifetime was oxtremely sensitive to hp0 at altltudes
near 100 km., For hpo < 101.5, the orbit lifctime was less than 90 days.
Therefore, hpt was chosen to be 100 km. This value is in agreement
with the remarks made in Section 5.1 of Ref. 3.
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Fig. 5 BEffects of Drag on Low Perigee Orbits
In the remaining discussion, it is assumed that when the perigee altitude
drops to 100G km, the orbit will rapidly decuy. This threshold altitude
will be important in the discussion of orbit lifetime parameter scans.

A SEMI-ANALYTICAL TRAJECTORY GENERATION METHOD

Trade~0ff Studies with Exdisting Routines

In order to get a global pleture ol the stability ol the geosynchronous
transfer class of orbits, their lifetimes wust be determined as a func-
tion of the problem variables. This will require that wany hundreds or
thousands of trajectories be generated on a sct of initialization para-
meters. These orbit lifetime parameter scans will give a general picture
of how orbit decay is affected by a variety of control variables, such as
time of launch, initial orbit placement, ctc.

(6)

¥ : 3 ) ¢ [
'y L e




i ——— " e RpToT L L e AT gAY TORROTT TREMEETSTTEEARS, o oww o e e TR0

The complete sel ol trajoctory programs available at the Johnson Space
Center (JSC), Mission Planning and Analysis Division (MPAD), werce inves=-

tigated for thedir application to this probloem.

Existing analytical pro-

grams do not have an accurate representation of the perturbing forces.
Therefore, numerical step-by-step programs weve investigated, The required
execution times (per revolution) of most numerical programs eliminated
their application to this problem. Two MPAD programs found to be nearly

applicable were KSFAST (Ref.
available on the UNIVAC 1110

The execution times of STEPR

4) and STEPR (Ref. 5). Both programs are
computer system,

and KSPFAST arce shown in Table 1. The test

case was a two yoar trajoctory generation ol a geosynchronous transfer
satellite., STEPR was found to be much faster than KSPFAST.

Table |

COMPUTER EXECUTION 'TLMES FOR A 'F'WO YEAR ‘TRAJECTORY

STHPR
KSFAS'!
DSTROB

100 Hee. UNIVAC 1110
300 SIUUN UNLVAC L1110
1.5 soce. UNIVAC 1108

A typical scan over the 360 degrees range ol an angular variable would

require 36 trajectorics, il the scan intorval was 10 degrees.

Tho ini-

tial longitude of the ascending node QO is a typical angular variable

for this problem. Computer exccution times for such a scan are shown in

Table 2. Each trajectory in

the scan was propagated [or two years.

Table 2

COMPUTER EXECUTION TIMES FOR A 360 DEGREE SCAN

(36 points)

STEPR 60 min. UNIVAC 1110
KSFAST 480 min. UNLVAC 1110
DSTROB .9 min. UNIVAC 1108

The data in Table 2 demonstrates that both STEPR and KSFAST would be un-

suitable for parameter scans.
be used for an fmportant part

mented and used the semi-anal

The DSTROB Algorithm

Therefore, no available JSC program could
ul this study.  PFor (his reason, ACM imple-
ytical algoritlm described below.

The semi-analytical algorithm in DSTROB is bascd on the stroboscopic

method of orbit generation.
by Roth (Refs. 6, 7 and 8).

This method has been extensively developed
The stroboscopic method is particularly

suited to high eccentricity orbits. Roth has applicd the method to
launch window studies for orbits with cccentricites ncar 0.95 (Ref. 7).

Janin discusses the decay of

such orbits (Ref. 9).

(7)
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The DSTROB algorithm makes use of Delaunay-Similar (DS) elements (Ref. 10)
and the first order stroboscople method described in Refs. 6 and 7.
(Hence the name DS-STROB, or DSTROB). The perturbing forces include:
Earth's oblateness (JQ)’ Sun point mass, Moon point mass, and Atmospheric

drag. The sun and moon gravity models include only the first term in the
distance ratio expansion. Also, the sun and moon are held fixed over one
revolution of the satellite. The drag model is taken from King-Hele
(Ref. 11) where the scale heipht and the density at perigee are found
from a atmosphere model which includes the solar and scasonal variations
in density (Ref. 12).

Comparisons between DSTROB and two numerical methods are shown in
Figs. 6(a) and 6(b). Case 1 (Mig. 6(u)) is a comparison with a method
that integrates numerically the Polncare-Similar clements (PSu). For
Case 2 (Fig. 6(b)), the perigee curves Lor KSFAST and DSTROB are so simi-
lar that they appear as one curve, The deviation in perigee altitudes in
Case 1 occurs because DSTROUB does not account tor the long period or
sceond order perturbations in the cccentricity duce to the zonal harmonics,
This slight deviation in peripee over an extended poriod of thwe resulls
in the differences in hq pradicted by the two methods.
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(b) KSFAST wvs DSTROB

Tests such as those shown in Fig. 6 indicate that DSTROB gives good ac-
curacy for orbit predictions of about two years. Computer execution
times for DSTROB are shown in Tables 1 and 2. It is scen that DSTROB is
much faster than the other two programs. An additional feature of DSTROB
is that it can be executed in the demand (interactive) mode on the
NASA/JSC UNIVAC 1108 Computer system. This greatly facilitated the data
generation and analysis part of the study.

EVOLUTION OF PERIGEE ALTITUDE

This section will illustrate some cases of the long term variation in
perigee altitude. As discussed in the previous scctions, the gravita-
tional perturbations can have a significant cffect on perigee altitude.
Thus, perigee can be either raised or lowered, depending on the orbital
initial conditions.

Examples of the cvolution in perigee altitude over two yvdrs are shown in
Figs., 7 and 8. These cases were taken from the COES-E wmission that is
planned to be launched from Space Transportation System (STS) Flight 8.
The upper stage booster will be a SUSS-A in the following transfer orbit:

Apogee Altitude (hu) 38,034 lun

Perigee Altitude (hp) 296 km

Right Ascension of Ascending Node () 150"

Argument of Perigee (W) 180°

Launch Date 26 March 1981
(9)
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For the drag model, it is assumed that the SUSS-A burn-out weight is
316 kg, with an average (tumbling) cross-scctional area of 3,92 square
meters. The coefficient of drag Cd is assumed to be 2.2,

Two different launch dates are considered in Figs., 7. In Figs, 8, differ-
ent values of the initial ascending node are considered. For each of
these comparisons, three initial perigee altitudes are investigated:

296 km, 231 km and 185 km. The different perigee altitudes were included
since NASA is giving some consideration to launching the satellites into
transfer orbits with lower perigee altitudes than currently planned.
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It is seen that launch date and ascending node have a significant effect
on evolution of hp , and hence orbit lifetime. (This is further illus-

trated by the parameter scans in a later section.) However, with the
nominal initial perigee altitude (hpo = 296 km) none of the orbits in

this study were found to decay within two years. Only by going to lower
altitudes (hpo_ﬁ 231 km), did the transfer orbits decay for certain ini-

tial conditions.
The following are some additional observations on Figs. 7 and 8:

1, As the apogee comes down, the perturbation of the moon is less severe
and the small oscillations begin to smooth out. (Figs. 8(b) and 8(c))

2, Wicth hpo = 185 km, there are several launch window opportunities such
that the transfer orbit decays within a few months.

3. The DSTROB routine did not simulate the satellite's destruction, but
only cayried the trajectory to the point where reentry would occur
within a few revolutions.

4. TFor the planned launch conditions of CEOS-E/SUSS~A, the transfer or-

bit will not decay within two years, even if perigee is initialized
at 185 km (Figs, 7(a), 7(b) and 7(c)).

(13)
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EXAMPLES OF ORBIT DECAY FROM ALR FORCE TRACKING DATA

The previous section presented computer sinulations that depicted large
fluctuations in perigee altitude. The question arises as to whether
these simulations agree with the observed decay of satellites in geosyn-
chronous transfer orbit. In this scction the computer simulation (the
DSTROB program) is compared to satellites that were tracked by the U.S.
Air Force. '

Trajectory data on all observed satcellites are contained in a periodical
called CLASSY (Ref. i3), published by the North American Air Defense
Command (ADCOM). The satellite orbit data presented in this section were
taken from these documents. Bach of the four satellites presented here
had orbits that were similar in apogee, cccentricity and period to that
of a geosynchronous transfer orbit.

Comparisons of DSTROB with Air Force tracking data arc shown in

Figs. 9(a) - 9(d). The solid line in each figure is the output from
DSTROB. The triangles reprusent data that were taken from precise or-
bital elements, obtained via private communications with ADCOM.  These
precise elements were used as fnputs to DSTROB. When two triangles ap-
pear in a figurc, only one was used to obtaln the input vector to DSTROB.

500 -

400 -

300 I~

PERIGEE ALTITUDE (KM)

200 -~

Actuul

100 — Reentry
1. ) 1 1{ 1 1 1 1 1

76 7 78 79

YEAR

Fig. 9 Comparison of DSTRG™ wilh Alr Forcs Tracking Data
(a) Satellite No. 5713, 10 = H5.1

(14)

A s

o &?7» bt oo PR VTR0 GNP

PO E




ALTITUDE (km)

PERIGEE

PERIFEE ALTITUDE {¥m)

800 -

400

Fig. 9 Comparison o) DETROB With Afr forep Trackiy

(h)

-
~
4

YLAR

Satellite No, 942y, | RITAL
u

300 |-

¥

300

100 L

Kl

1 Data

WVW\M\\ /
"

1 1 i 1 1 1 1

Fig. 9  Comparison o BSTROB Wil Aiy p

11 n
YRAR

h

wree Tracktoy bata

(¢)  Satellite No. 9804 , 1, = 24,30
()
“jt. " ‘AL.... Lo RN et TR
I




ot

-

-

e o TR T

B hieod it e A
S i

500 }-

400

300

PERIGEE ALTITUDE (K1)
T

200 |- v 4

Aviual
Roevnt vy

100 I L ! 1 b = (: 1 l

74 K i (R

AR

Flg. 9 CGomparison ol DETROB With Ay force Travking bata
() Satertite Nao 829001 on?
\

The dots dn Flgs, 9Ca) = 9@ represent data taken tram the orbleal ele-
ments published in the CLASSY documents.  The opoeh for a set of CLASSY
eloments ds known to be within a throe month Intewval of time. We at-
tompted co vefine the epoch by stavting Urom Lhe procise olements and
using an avevage value of the avan motlon, Theretore, the time coordi-
nates for the dots can have an errov ot 1=} months, Drag model data was

not available on the four satellites. Therctore, atwespheric drvag effects

could not be sinulated. Bvon sa, the DSTROB propran gives gquite good

agreement with the Adr Force data,  Satellites No.o 5713 and No. 8792 decay
rapidly due to gravitatiopal porturbations. ‘Thelr orbits are unstable be-

cause of the large inelinations. Fig. 9(d) is avother example where the
perigee altitude decays less rapidly (For awhile) when drvag becomes sig-
nitficant,

ORBIT LIFETIME PARAMETER SCANS

The vemaining part of this study is to deteraine orbit Litetdme as a

functior of the free paramotews of the problem,  The parameters of inter-

ast ave the set of indtial orblival clewents, delined as follows:
= gowmi-major axds,

= eccentwicity
= inclination

argument of perigee,

E o =

= longitude ol the ascending node (Fig. 2),

T = apoch.
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hnitial values tor o aud o are specib st by the mussion object ives,
Tewill also be requived that petigee be noar the equator amd that the
inclination be near 28,0Y, Theretore, @ and 1 are not subtahle sean
parametoers,

The romaining parametoers ol juterest are:
520 “odndtial longitwde ol the dacomding node.

Td @ date ol Launch.

The time of day ol launch can be velatad tu ‘2). Therolope, Td should
t

signify the day ol year ol launeh., & phvsiteal parameter might be more
usetul,  Thus, the right ascension ol the sun o, ee My, 2) was used

Lor the tdme of year pavamoter, N

ln practice, 818 peosynehionons missions imvolve . wiviely ol launel gopn=
straduls. These constraimtys depemd, i by o the misdion and payload.
Lt was, thoretore, outside the seape ol Lhis stwdy Lo Inelude migsion
constralutys on geosynchronuus Uranslor o bit Lilet ime,

The parameter scans were done by camput ing 3o one year trajectories ol oa
prasynchronous transfor satellite, 10 was assumed  Uhat the Tauneh vecur-
cod duving 1980, For wach Liajectory, the winimam peripee in one yaur
was determdiud, The angular paramet or was e remertod by 10 degrees over
the 300 degree ranpo,
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Scans on the Ascending Nade

The parameter of intecest o Lhis case was the initial longitude ol the
asconding node 520 y which deseribes the inertial placement of the or-

bital plane relative to the planes of the sun, moon and equator, 'P'his
parameter has an Iwportant effect on orhit evolution,
Plots of minimum perigee as o function of LQQ arve shown in Figs, 10(a) ~

10¢e). Three dilferent initial perlgee altitudes were fnvestigated:
hpo = 185 km, 231 km, 278 kw. PFor cach case, trajectorvies were initial-

ized for summer (June), winter (December), spring (March) and fall
(September). The epoch was 1980,

, . . ann0 .
The lowest perigee altitudes always accur near £2u = 2007, ‘Trajectories

that arve laltiallzed In summer and winter allow lower peripee altltudes.

scans on the Launch Date

The time of year paramter was taken to be the dillorence between the
sun's ripght ascension at launeh and the initial longitude of the ascend-
ing node, i.e., (!%-‘20' Both angles are delined in Fig, 2. This

parameter was chosen becouse it desceribes the position of the sun in its
orbit relative to the satellite orbital plane.
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Parameter scans are shown in Pigs. 11¢a) and 11(b) for an initial perigee

P (] .

altitude of 185 km, for the two cases Q. = 1807 and Q.= 0. As would
O QO o

be expected from the results of IFig. 10, the casc 520 = 180" gives a con-

sistently low minimum perigee, regavdless of the time of year,

; . 0

For other values of £, the perigee is lowest when the sun begins 90
o .

(or 270°) ahead of the ascending node.
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Discussion of Results

1. In Figs. 10 and 11, the threshold perigece altitude is drawn as a

solid line at 100 km. It can be assumed that when the minimum peri-
gee altitude falls below this line, the orbit will decay within one
year. '

2. The parameter scans shown in this scction are [or IO = 28.6°. We
found that the results woere similar lor inclinations less than 28°.
However, these figures should be used with caution if Io is much

, o . . . . )
different from 28°. We intend in the future to publish a catalog of
paraneter scans for various epochs and ‘inclinations.

(20)
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If hp0 = 185 km, there will be launch opportunitics throughout the
year such that the transler orbit will docay within one year

(Figs. 10(a) and 11 (a)). lor hpu = 231 km, good chances [or orbit
decay occur only for summer and winter Launches (Fig. 10(b)).

If h 0 278 km (150 N.M.) there is little possibility of rapid de-
P ,

cay of the transfer orbit,
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