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TECHNICAL MEMORANDUM X-53873

OPTIMAL TRANSFER TRAJECTORIES FROM EARTH
PARKING ORBIT TO VARIOUS TERMINAL CONIC
CONSTRAINTS AND MODIFICATIONS TO THE
ROBOT COMPUTER PROGRAM

SUMMARY

Reference optimal (minimum fuel consumption) transfer trajectories
were computed by the minimum Hamiltonian-steepest ascent method for
departure from a circular parking orbit about the earth to various terminal
conic constraints (V,v,r), (V,v, 7,1}, (C5,C, (C;, CL i), and (C;, v 8) |

Terminal conditions were a circular orbit at synchronous altitude,

35 862 km, an elliptical orbit with apogee at synchronous altitude (in-and-out-
of-parking-orbit-plane), and an injection burn into a typical 1973 Mars mission
hyperbolic orbit. The vehicles used to perform these transfers were the S-IVB
stage and the Command Service Module. Also included is a typical ascent
trajectory profile utilizing a two-stage Saturn IB launch vehicle. Detailed
orbital and trajectory profile parameters are presented in tabular form.

Modifications made to the ROBOT-Apollo and AAP Preliminary Mission
Profile Optimization computer program are also presented.

INTRODUCTION

Reference optimal ( minimum fuel consumption) transfer trajectories
were computed for the transfer of an S-IVB stage and a Command Service
Module (CSM) from a 185.2-km altitude, 37-deg inclined, circular parking
orbit about the earth to various terminal conic constraints. The selection of
the terminal constraints was based on the criteria of obtaining a reference
cross-section of optimally performed orbital operations. The optimization
method employed was the minimum Hamiltonian-steepest ascent method as
described in Reference 1.



The terminal conic constraints were defined as (V,y,r), (V,v,r,i),
(Cs,Cy), (C;,Cy,i), and (Cs, @,8)!. A physical interpretation of these
constraints is presented in Figure 1. As shown in this figure the quantities V,
v and r areused to specify a circular orbit, whereas the quantities C; and C4
are used to specify the shape of an elliptical orbit. This distinction was made
to facilitate the calculation of the transfer trajectories by the computer program
employed. The terminal condition for the constraint (V,vy, r) was an in-parking-
orbit-plane circular orbit at synchronous altitude, 35 862 km., The terminal
condition for the constraint (V,v,r, i) was an out-of-parking-orbit-plane
circular orbit at synchronous altitude with inclination equal to 50 deg. The
terminal conditions for the constraints (Cs, Cq) and (C3, Cy, i) corresponded to

an clliptical orbit with perigee radius equal to ro (earth radius) + 210 km

and apogee radius equal to r_, + 35 862 km. The constraint (Cs, C{) corre-

E
sponded to an orbital inclination of 37 deg while the constraint ( C3, Cy, 1)
corresponded to an inclination of 50 deg.

The terminal constraint (Cs, @,8) corresponded to the terminal
conditions on a hyperbolic orbit for a typical 1973 Mars mission. For this
constraint the date and time of departure were specified along with the right
ascension and declination of the outgoing hyperbolic asymptote as measured in
an inertial ephermeris coordinate system. The optimization method and
computer program employed, as described in Reference 1, were referenced
to an inertial plumbline coordinate system, Thus, this terminal constraint
necessitated a coordinate transformation to an inertial ephemeris system in
the computer program and modification of the input variables. Also, additional
orbital parameters were computed, a new output format was designed, and a
summary print table option incorporated. All modifications made to the
computer program are documented in the appendices,

The detailed ascent trajectory profile presented is for a two-stage
Saturn IB launched from Cape Kennedy at an azimuth of 115 deg. The S-IB and
S-IVB stages are fueled to capacity and burned to depletion. The CSM
propulsion system is then ignited and burned until injected into a 185,2-km
altitude, 37-deg inclined, circular parking orbit. At this point of parking
orbit injection, an initial state vector was obtained which was used as a
departure point to the various terminal constraints.

1. Symbols are defined in Appendices A and B,
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Figure 1. Terminal conic injection constraints.
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COMPUTER PROGRAM MODIFICATIONS

Various modifications were made to the computer program [Ref. 1]
which was used to compute the optimal transfer trajectories. These changes
which were made in the program to make it more compatible for orbital
operations computations, consisted of the design of a new output format and
labeling code, coordinate system transformation, input variable alteration,
and the computation and output of additional orbital parameters.

Appendix A gives a description and example of the output format for
each print time interval, a definition of the output symbols, and a description
of the optional summary print tables incorporated and the variables which must
be specified for them. Appendix B gives the equations necessary for the
transformation from the inertial plumbline ( Fig. 2) to the inertial ephemeris
coordinate system (Fig. 3) and equations defining the various orbital parameters
included in the output format which were not previously computed in the
program. The orbital geometry and notation are also shown in Figure 3.

Appendix C contains a description of the additional input variables
necessary and listings of the input data required for computation of the transfer
trajectories presented. Appendix D contains a UNIVAC 1108 FORTRAN listing
of the subroutine titled APRTN which was modified to perform the coordinate
system transformation and the computation of the various additional orbital
parameters. The output of these parameters and quantities computed in the
original program, in the new output format, is also accomplished by this
subroutine. The subroutine, entitled TRASH, encompasses the optional
summary print tables. A UNIVAC 1108 FORTRAN listing of the TRASH
subroutine is presented in Appendix E,

TYPICAL ASCENT TRAJECTORY PROFILES

A typical three-stage Saturn V ascent trajectory and circular orbit in-
jection profile is presented in Figure 4. As shown, trajectory arc 1 corresponds
to the S-IC stage burn; arc 2 to the S-II stage burn; arc 3 to the first S-IVB
stage burn to a 185.2-km parking orbit altitude; arc 4 to the parking orbit
coast; arc 5 to the second S-IVB stage burn at perigee of the Hohmann transfer
ellipse; arc 6 to the transfer coast; and arc 7 to the third S-IVB stage burn at
apogee of the transfer ellipse. Detailed tabulations of Saturn V ascent tra-
jectories for various launch azimuths can be found in Reference 2.
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Figure 2. Inertial Cartesian plumbline coordinate system.

A typical two-stage Saturn IB ascent trajectory and elliptical target
orbit injection profile is presented in Figure 5. As shown, trajectory arc 1
corresponds to the S-IB stage burn; arc 2 to the S-IVB stage burn; arc 3 to
the first Command Service Module burn to a 185.2-km parking orbit injection;
arc 4 to the parking orbit coast; and arc 5 to the second CSM burn to injection.
A typical Saturn IB ascent trajectory profile for a launch azimuth of 115 deg
is presented in Table 1. A detailed tabulation of this trajectory is presented in
Table 2. The last entries in this table give the position and velocity of the
CSM at parking orbit injection. These values of position and velocity were used
as the initial "state" for transfer to the various terminal conic constraints.
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Figure 4. Typical Saturn V ascent and circular target orbit injection profile.
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OPTIMAL TRANSFER TO SYNCHRONOUS ALTITUDE
CIRCULAR ORBITS

The op’cimal2 transfer from the initial state in the parking orbit to the
in-parking-orbit-plane synchronous altitude circular orbit corresponding to
the terminal conic constraint (V,vy,r) (V =3.072 km/sec, v = 0 deg,

r = 42 240 km) required no coast in the parking orbit from the injection point.
This condition resulted from the fact that any point in the parking orbit was an
optimum departure point for this in-plane target orbit case. Therefore, the
S-IVB burn at perigee of the transfer ellipse was specified to occur immediately
after parking orbit injection. The optimum burn and transfer time computed

is shown in the timing analysis of Table 3. The remaining vehicle mass after
satisfaction of the terminal constraint was 50 156.3 kg as compared to an

initial vehicle mass of 128 986.8 kg. A detailed tabulation of this trajectory

is presented in Table 4,

‘The optimal transier to the out-of-parking-orbii-piane ierminal conic
constraint (V, v, r, i) (V = 3.072 km/sec, y = 0 deg, r = 42 240 km, i = 50 deg)
required a plane change of approximately 13 deg. For a minimum velocity
impulse to perform this plane change, the perigee point of the transfer ellipse
is located at one of the nodal points of the parking orbit where only a portion of
the total plane change is performed. Therefore, this transfer required a coast
in the parking orbit of 268.4 sec.

The parking orbit injection point was located at a latitude (geocentric
latitude) of 15.8 deg and a longitude of -55.6 deg. The perigee burn of
263.8 sec duration began at a latitude and longitude of 5. 19 deg and -41.6 deg,
respectively, and ended at a latitude and longitude of -7. 18 deg and -26. 44 deg,
respectively. Thus, the midpoint of the perigee burn occurred approximately
at the equator, adding enough velocity increment to perform a plane change
maneuver of 1. 16 deg (Aiy) and modify the S-IVB orbit to that of an ellipse with
apogee radius equal to 42 240 km (Hohmann transfer ellipse). The transfer
time along this conic was 5.240 hr., With the plane change of 1. 16 deg performed
at perigee, the plane change required at apogee (Ai,) was 11.9 deg. These
amounts were computed to be the optimum perigee/ apogee plane change ratio.
The length of the apogee burn was 101.2 sec. A complete timing analysis for

2. "Optimal" in the following discussion will refer to minimum fuel
consumption.



this transfer is presented in Table 5. The velocity vector diagrams for both
the perigee and apogee burns are shown in Figure 6. A detailed transfer
trajectory tabulation is presented in Table 6.

OPTIMAL TRANSFER TO ELLIPTICAL ORBITS WITH
APOGEE AT SYNCHRONOUS ALTITUDE

The terminal conic constraint (C3, Cy) (C3z- -16.33 km?/sec?,
Cy=67.40 km?/sec) specified an in-parking-orbit-plane elliptical orbit with
perigee altitude equal to 210 km and apogee altitude equal to 35 862 km, A
typical elliptical orbit injection profile was shown in Figure 4. Again, because
of the in-plane target orbit, no particular point in the parking orbit was an
optimum point of departure, and thus the parking orbit injection point was
chosen as the departure point. A single burn of the S-IVB stage was required
to optimally satisfy the terminal constraint giving an injected mass of
71 361.9 kg as tabulated in the timing analysis of this transfer given in Table 7.
Presented in Table 8 is a tabulation of this transfer trajectory.

The analogous out-of-plane terminal conic constraint to the above was
(Cs, Cq, i) (Cj=-16.33 km?/sec?, Cy = 67.40 km?/sec, i = 50 deg). The
optimum coast time in parking orbit was computed to be 216.9 sec,
corresponding to a position of 7. 26 deg latitude and -44.2 deg longitude, as
shown in the timing analysis of Table 9. At this position the single S-IVB
stage burn of 316.7 sec duration commenced. The burn ended at the position
of -7. 14 deg latitude and -29.6 deg longitude, after the energy and momentum
constraints were satisfied and the plane change of approximately 13 deg was
performed. A final mass of 59 771.5 kg remained at injection. The tabulation
of this transfer maneuver is presented in Table 10.

OPTIMAL TRANSFER TO 1973 MARS MISSION
HYPERBOLIC ORBIT

The terminal conditions for the injection burn into a typical 1973
Mars mission trajectory were on a specified hyperbolic orbit. The necessary
terminal conic constraint consisted of an energy level, Cj, right ascension,
«, and declination, 6, of the outgoing hyperbolic asymptote (Cz= +18.0
km?/sec?, @ = 15.55 deg, 6= 31.59 deg) along with a specified launch date

10




av

APOGEE INJECTION VELOCITY DIAGRAM

Ve

Ai,

Va AV,

Ai, =1190 deg
Vg =1593 kmi/sec

Ve =3072 kmlsec

Av, 21479 kmlsec

PERIGEE INJECTION VELOCITY DIAGRAM

Vp

~ .\

Ve TN AV,

Ai; =1160 deg
Vp =10.25 kmlisec
Ve =7793 kmlisec

AV, =2464 kmlsec

Figure 6. Circular target orbit velocity increment diagram.



(August 6, 1973) and time (14 hr, 38 min, 15,85 sec Greenwich Mean Time) .
The hyperbolic injection geometry is illustrated in Figure 7. The right
ascension and declination of the outgoing asymptote were referenced to an
inertial, geocentric ephemeris coordinate system (Fig. 2) while the equations
of motion in the computer program of Reference 1 were referenced to an
inertial plumbline coordinate system. Thus a coordinate transformation was
performed. The mechanics of this transformation are given in Appendix B.

QUTGOING
ASYMPTOTE

ESCAPE HYPERBOLA
PLANE

PARKING ORBIT
PLANE

EQUATORIAL
PLANE

INJECTION
POINT

Figure 7. Hyperbolic injection geometry.

As tabulated in the timing analysis of Table 11 the optimum parking
orbit coast time computed for the transfer was 1587.6 sec, which positioned
the spacecraft at -36.3 deg latitude and 39. 1 deg longitude. From this position
a burn of 455. 1-sec duration of the CSM propulsion system was required to
insert the vehicle into the specified hyperbolic orbit. The vehicle mass
injected into this orbit was 4817.3 kg compared with an initial vehicle mass of
18 029.7 kg. A detailed trajectory tabulation is presented in Table 12,

12




CONCLUSIONS

The transfer trajectories presented above provide somewhat of a
reference cross-section of optimally performed orbital operations. Profiles
and detailed trajectories were presented for the optimal transfer of (a) an
S-IVB stage vehicle from a parking orbit about the earth to circular orbits
at synchronous altitude and elliptical orbits with apogee at synchronous altitude
(in-and-out-of-parking-orbit-plane), (b) a Command Service Module from
an earth parking orbit to a typical 1973 Mars mission hyperbolic orbit, The
parking orbit about the earth was a 100 -nautical-mile, 37-deg-inclined circular
orbit. An example of the utilization of these type transfer trajectories might
be in the support of high-energy missions by the ILRV (Integral Launch and
Reentry Vehicle) . For instance, some of these proposed missions could
involve the delivery of propulsive stages and payloads into low earth orbit for
subsequent transfer to synchronous orbit.

The input data listings presented should serve as examples for similar
runs to be made on the ROBOT computer program. Also, the vehicle roll and
pitch programs tabulated in the trajectory tables should be of future use as
initial estimates for similar runs. The modifications made to the ROBOT
computer program (ephemeris coordinate system transformation, computation
of additional orbital parameters, new output format, and inclusion of optional,
publishable, summary print tables) make it much more compatible for orbital
operations computations.

13
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APPENDIX A

OUTPUT FORMAT FOR EACH PRINT TIME INTERVAL AND
OPTIONAL SUMMARY PRINT TABLE DESCRIPTION

95



96

OUTPUT FORMAT FOR EACH PRINT TIME INTERVAL

TIME

MASS

WTLBS

DDXP

DDYP

DDZP

LATP

LONGP

SMA

INC

Si

XP

YP

zp

DDXPG

DDYPG

DDZPG

CHIP

CHIY

Cc3

RASNOD

S2

X

Y

zZ

wi

w2

w3

ALPN

ALPW

Cci

ARPG

S3

DXP

DYP

DZP

P1

P2

P3

DCHIP

DCHIY

ECC

TANO

SD1

DX

DY

DZ

LATR

LONGR

AZ

DALPN

DALPW

RCA

PERIOD

SD2

R

ALT

A%

RDOT

PTH

VPER

VAPO

GRADV

RAOP

MEOR

SD3




DEFINITION OF OUTPUT SYMBOLS FOR EACH PRINT TIME INTERVAL

- DN =

10.

11.
12.

13.

14,
15.
16.
17.
18.
19,
20.

22,

DDXP, DDYP, DDZP .., ...
DDXPG, DDYPG, DDZPG. .
Wi, W2, W3...........

P, P2, P3 ...........
LATR, LONGR .. .......

LATP, LONGP .........

CHIP, CHIY ........ .

. control angles CHI ;

time (sec)

mass (kg)

weight (1b)

position coordinates in the plumbline
system (m)

position coordinates in the ephemeris
system (m)

velocity components in the plumbline
system (m/sec)

velocity components in the ephemeris
system (m/sec)

acceleration components in the plumbline
system (m/sec?)

gravitational acceleration components
in the plumbline system (m/sec?)
unit vector in the angular momentum
direction

unit vector in the direction of periapsis
latitude (geocentric) and longitude of
radius vector (deg)

latitude (geocentric) and longitude of
periapsis (deg)

magnitude of radius vector (m)
altitude above ellipsoid (m)

. magnitude of velocity vector (m/sec)

velocity heading angle (deg)
time derivative of radius vector (m/sec)

. flight path angle (deg)

angle-of-attack measured from the velocity
vector to the projection of the thrust
direction in the flight plane (deg)
out-of-plane angle-of-attack measured
from the projection of the thrust vector
in the flight plane to the thrust vector
positive toward the angular momentum
vector (deg)
and CHI

yaw

tch
(deg) pite
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DEFINITION OF OUTPUT SYMBOLS FOR EACH PRINT TIME INTERVAL

23. DALPN, DALPW, . .... . ... time derivatives of ALPN and ALPW
(rad/sec?)

24, DCHIP, DCHIY ., .. ........ time derivatives of CHI itch and CHI
(rad/sec?) pt yaw

25. VPER, VAPO .. .......... velocity at periapsis and apoapsis (m/sec)

26. SMA . ... ... .. ¢ ceieennn semimajor axis (m)

27. RASNOD . ...... .ot right ascension of the ascending node
(deg)

28. ECC .. .. it vt encnnnn eccentricity

29. RCA .. ...ttt iiiien.n radius at periapsis (m)

30. RAOP . ... ... i, radius at apoapsis (m)

31, GRADV .. ... it everennn gravity loss (m/sec)

32. ARPG . ...t vevennnn.n argument of periapsis (deg)

33. TANO ... ..t it te v ienns true anomaly (deg)

34, PERIOD.. . ... .. tceveeuen orbital period (sec)

35, MEOR . .. ..o vuu. e mean orbital rate (rad/sec)

36. 51,82, 8 ......... ..., calculated outgoing asymptote

37. SD4, SD2,SD3 . .......... desired outgoing asymptote

88, C3 Lttt ittt twice the specific energy (m?%/sec?)

39. C1 ........ e e e specific angular momentum (m?/sec)

DESCRIPTION OF OPTIONAL SUMMARY PRINT TABLES (QUANTITIES
REQUIRED TO BE SPECIFIED}

(1) Print interval for parking orbit coast.
(2) Print interval for first burn.

(3) Print interval for transfer coast.

(4) Print interval for second burn.

If the terminal condition is a circular orbit, the following tables
are printed:

Parking Orbit Coast

Perigee Burn

Conic Conditions After Perigee Burm
Transfer Coast

po T
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e. Apogee Burn
f. Conic Conditions After Apogee Burn

If the terminal condition is an elliptical orbit, the following tables are
printed:

Parking Orbit Coast

First Burn

Conic Conditions After First Burn

Orbit Coast

Second Burn If second burn
Conic Conditions After Second Burn required

o A0 T

If the terminal condition is an outgoing hyperbolic asymptote, the
following tables are printed:

a, Parking Orbit Coast
b. First Burn

—~ . N Tt e ALhom
¢. Counic Conaitions Aiter

Tables 1-12 are examples of the different summary print tables
available,
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APPENDIX B

EQUATIONS FOR THE COORDINATE SYSTEM TRANSFORMATION
AND COMPUTATION OF ADDITIONAL ORBITAL PARAMETERS
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DEFINITION OF SYMBOLS?

._
:
O
S
=

Unit vectors along the X, Y, Z (ephemeris) axes,
respectively.

Gravitational constant

Inertial velocity magnitude

Magnitude of radius vector R

Inclination of orbital plane

Argument of periapsis

Right ascension of ascending node

Indicates vector magnitude

Matrix or determinant notation

—_—_—n g R T

SUPERSCRIPTS

. Time derivative
h Hour (universal time)
— Indicates vector quantity

SUBSCRIPTS
p Plumbline coordinate system
-%— Transformation from plumbline to ephemeris coordinates
1, 2, 3 Indicates reference to X, Y, Z (ephemeris) axes,

respectively.

(5)* Transformation from plumbline to ephemeris coordinate system: X, Y, Z
[3, 4]

3. Undefined symbols used carry the same connotation as in Reference 1.

4. These numbers correspond to those numbering the output symbols of
Appendix A,
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8in 8 cos K+ cos ¢ sin ¢ sin K

cos 6 cos ¢ sin @ 8in K - cos 8 sin ¢ cos K
[Ti’:} = - cos 8 cos K+ sin 6 sin ¢ sin K sin 6 cos ¢ -cos 0 sin K - sin 9 sin ¢ cos K
p
- cos ¢ sinK sin ¢ cos ¢ cos K

6 = (GHA) Oh uT wet+ A

GHA

Greenwich hour angle measured west from Greenwich at OhUT of the
launch day.
0 UT = Zero hour universal time.

A = Launch longitude (east through 360*) (279%395645)
K = (3/2)1-A
A = Launch azimuth, ¢ = Geodetic latitude (2826079927)

t = GMT of launch, we = Earth's rotation rate

GHA = 100207554260 + 029856473460 T ; + 229015 x 1078 Tz

Td = Days past 0h Janmuary 1, 1950,

w = 360 deg/sec
e ~ 86164.09892 + 0.00164 T g

T = Number of Julian Centuries of 36 525 days from 1900 Jan. 0.5 UT
(Julian Date = 2415020.0)

(7) Velocity components in the ephemeris system: DX, DY, DZ

DX X Xp

DY |=| Y |= |T Yp
e

DZ y4 P 7p

(10) Unit vector in angular momentum direction: W;, Wy, W3

Cy= JA2+BZ+ c?
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A=YX-2ZY,B=2ZX -XZ, C=XY - ¥X

(_31=—-‘g-1 T+—]é~1 j+ -%1 k

G
(11) Unit vector in direction of periapsis: Py, Py, P3

P= _;11- [(Vz - -%) f{—ri'V] — Vector in perigee direction

=% [(V2 --rL) (XT+ Y+ Zk) - re(Xi+ Y+ ZT{)]

§=%; i [X(VZ --5—) -t X}ﬁ' l}{(V2 --f;—>- rt Y]+I<[Z(V2--€-) -rt Z] $

HJ
-
I
g
™~
I
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(13) Latitude and longitude of periapsis: LATP, LONGP

RADIUS VECTOR
AT PERIAPSIS

EQUATORIAL PLANE

ORBITAL PLANE

~\ASCENDING NODE

LATP = gin (i) sin (w)

} SIN (i) SIN{cd) RCA

RCA, (PPOJECTION OF RCA
INTO X-Y PLANE)
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sin (i) sin (w)

sin 6

0 = sin~" [sin (i) sin (©)]

RCA= |RCA|, RCA_ = |RCA_|
Xy Xy
RCA =RCAcos 0
Xy

P, =RCA__cos A
Xy

P, =RCA__ sin A
Xy

RCA

-1
A = cos ——Pl—>
Xy

-1 P
= af —_—
A = sin <RC’ )
Xy

P, = X - component of unit vector in direction of periapsis

P, = Y - component of unit vector in direction of periapsis

r=r, E=Eoatt=t, . t. . = time at injection
inj inj
r=a(l-ecos E) r; = magnitude of radius vector (R) at
injection
—:;-1 =1 - e cos Eo E = eccentric anomaly

a-r
cos Eo = —

ae
Eo = COS_l (ﬁil)
ae
Eo = sin~" Lry sinf) # = true anomaly
aN 1-é°
M=n(t-7)=E-esinE M = mean anomaly
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EQUATORIAL PLANE

Eo - e sin Eo . . .
(tinj -T) = " T = time at periapsis passage

= Time increment past periapsis passage for r = ry,

Period = T = 2T

tp =T - (1:inj - 7) = Time at periapsis passage

The tinj value used should be that time of injection computed on the

last iteration of a converged run.

LOCATION OF GREENWICH MERIDIAN:

N R AT PERIAPSIS PASSAGE

AT INJECTION

h
AT O UT OF AT LAUNCH

LAUNCH DAY

LONGP = A[GHA+ w (t+t, _+t)]
e inj p

(26) Semimajor axis: SMA

:_ (2 _ 1
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(27)

(28)

(29)

(30)

(31)

108

vi_2 __ 1

n r a

1 _ 2 v'_2u-rV?
a r 1] pr

Right ascension of the ascending node: RASNOD

A
= =gin 2 sini= —
Wx Wi =sin 2 sin i C

sin Q = —Wi
sin i

cos Q= - lV_z_
sin i

RASNOD = Q = sin - (-—V!i->
sini

RASNOD = Q = cos ( - ——Wz-)
sin 1

i

Eccentricity: ECC =e = { i+ —#r [Cs (r?v:-r? i‘z)]}

Radius at periapsis: RCA =a (1-e)
Radius at apoapsis: RAOP =a (1+ e)

Gravity loss: GRADV = Vc - AV

1/2




(32)

(33)

_ 1
VC - VeX Ln( 1-¢ > Vex

=1

w W =
L= —LB P
W_+ W W =
f p
AV=fV2+2u <—i- —i> -V,
I‘i I’f 1

ri = initial radius
Vi = initial velocity

rf= final radius

Argument of periapsis: ARPG

P
] Z
sin w = ———
sin i
QZ
COS W= ——
sini
1 Pz
ARPG = w = sin —
sin i
o @
- Z
ARPG = w = ¢cos —
sin 1

True anomaly: TANO

2
TANO = 0 = COS_i _a_(_{ﬂ—_l‘_

er

sp(go)

weight of propellant burned

final weight of vehicle
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1/2

- ¥ | 2
TANO = o = sin”'§ L | 24i=e)
e M
(34) Period: Period
2
Period = T = ————
M1/2 o, 73/2

(35) Mean orbital rate: MEOR

MEOR =

»—JI‘;,’

(36) Calculated outgoing asymptote: Sy, Sy, S3

{_1_> +J1e2-1 ‘
e

3 - —
\- " Q

P = i(Py) + j(Py + k(Py

- iy ok .

Q=WxP - | wy Wy Wy | =T(W,Pys - W3P;) -J(W,Py - WyPy) +k(WP, - W, Py)
Py P, Py

g-’—-l‘ -1(P)+-(P)+T((p + ‘ez_i‘ 3 5] - . -

e i 1 ) 3) 1(W2P3 - Walz) + ] (ng‘ - W1P3) + k (W1P2 - WQP‘)

{ Niet -1

5= (L) ey + HE (wypy - wipy)
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APPENDIX C

ADDITIONAL INPUT VARIABLES REQUIRED AND
INPUT DATA LISTINGS
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Program Input Description

Input for ROBOT modified for the special printout shown in Appendix A
is the same as that in Reference 1, with the addition of the following input

variables:

Input

Symbol

AAETC+50

AAETC+24

AAETC+25
AAETC+54
AAETC+55
AAETC+56
AAETC+57

AAETC+58

Internal

Symbol

EPRNT

RA

DC
MO
IDAY
IYR
HOUR

SEC

Explanation

1 if special printout is desired

it

0 is normal ROBOT printout is desired

Right ascension as measured in ephemeris
coordinates (deg)

Declination (deg)

Month of launch

Day of launch

Year of launch (years since 1900)

Hour and minute of launch (military time)

Fractional minutes of launch time
expressed in seconds

If summary print tables are desired, the following variables must be

set.

JRBETC+7

JRBETC+29

112

The thrust event number where tables
begin

= 1 if the cutoff condition is a circular
orbit

= 2 if the cutoff condition is an elliptical
orbit

= 3 if the cutoff condition is an outgoing
hyperbolic asymptote




Input Data Lists

The following lists give the input data for the terminal conic constraints.

INPUT DATA LISTING FOR TERMINAL CONIC CONSTRAINT (V, v, T)

1NPUT S

HEAD=(BRANDFORN=CHKOUT TERMe CUTOFF gIRFACES AND TRANS, EQS.!
FuDe 0432050000906 20500N0.4
TNE+B=],,

ITNE+lb=] .,

XHDEDe 3 Ne v 881 .22015,M0 4711 ,22716,
TAUT=ZD e 400326303, 18643e1,97.5,
MOEVNT®EY 31,1304t ,
PRINT®E0e,50Ne,1Ney5Me,10,,
STEP®lbeylbhoerBoaslbe Ray

AAETC=] 15, ,

TAFTC¥E=R, 4,

AAETC+8=22416R.7,
JRRAETC=},2,04s3,3,40,

JRBETC+18myg,

KDB.DQODI!‘.I’

NRGCT=3,5,

NENDCT®H, 4,

NPm25,25,0,0,

TTAL=D ey 131 e92863,,
TPTBLEZ2+400,2,74%4012.B69,
CYTRL=,0N132+0062,.0085,
TTBL+SUSIQ9060,18947..l90ﬂ3..
CTPTRAL*S0®a 3180, =378, =,17%), ’ T
CYTAL+S51=2=,00054,*¢NNAER,=eNNY4H,
VIVEALFARLL323,=3490e034y=1NT7e37R 2941117, ,58866243,,=91242,,0.
KCDPﬁiI!.?,3.Q,
PSIREQ=3071e9NFA17 9704 ,442240000,,
WIBY‘ZOQOZ’ZO’

JRBETC*29=1, - -
JRBFTC+7=,
AAETC+54ma, ;6097349 143B0,15.05,
ARETC+S0O=t,,
AAETC+24n15,5%431459,

L
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INPUT DATA LISTING FOR TERMINAL CONIC CONSTRAINT (V, v, r, i)

INPUT S

HEAD® (RODNEY BRADFORD MODIFIED CUTOFF SURFACES AND TRAHNS.
F30as0e920800040 4002050060 a,
TNEL+Bm],,

TNE+s16m],,

XMOBQs gDas4B1e220154,0¢,4814,22015,
TAUTBUe 9269405926376, 186861e56)101e]6,
NOEVNT=1 30,1011y
PRINY®S50e 4500 ¢ 1004806 ,104,
S'Ep'iboolb-oﬂo.lbo.ﬁo,

ARETC=} LS.,

AAETCe6m o4,

AAELTC+BE2R4168,7,
JRBE]C“’&.E’3.3.40.

JRBETIC+ | 8F4Y,

KLDB=D, Tl yl,yty

NBGCT=3,5,

NENDCTsH,6,

NPx25,25,0,0,

11BL®22694551 9401439533309,
CPTBLZ2e3HU4 24513020642,
CYTBL®s07%4,.00783,.0800,

TTBL+*SU® 19390 atid, 19445e62,1949¢E 6200,
CPIBLASDE=,6317,=06291 4=66265,
CYTRL+S0=m= 4389 ,4=e4389,=04389,
VIVEBAE9664323,=3490eN34 4210176378 ,29411374,5866RB430,=91242eyU0
leBJ'2J002.21t

KCOPH]I=®] 42,3,4,10,
POIREQ=3071¢9098617450e 4422400000 ,51011s,
JKBETC+26=y, ’

JREBET(C+7s2,
‘AETc4S“‘89a60073-|1“3“0’!5.85'
-A‘EIC*SU“;,

AAETC+24815:55,3] 459,

JRBETC+|Om},
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INPUT DATA LISTING FOR TERMINAL CONIC CONSTRAINT (C;, Cy)

INPUT

HEADB (BRADFORD'*CHKOUT TERMs CUTOFF SURFACES AND TRANS. EQS.
TZERO'[UO-.“..U..U..U.’Uo.

FoQOe 00y 2050004,

XMOmO e yDas 481220165, e -
TNE+B=] 4,

TNE+]1 6= .,

TAUTSOe g0e 42644y

NOEVNT=] 1,1,

PRINTEE0¢650e 100,
STEFS | b6eslbeslay

AAETC=115.,

AAFTC+b6ma4,

AAETC*B=28416Re7,y
JRBETC=®142,03343,80,

JRBETC+10=},

KoBa=U,0451

NBGCT=R],

NENDCT=4,

NPm25,

TTBL=100e] 4231003630,
CPTBLE2.6U9,2e7404,24869,
CYTRL®«O{}132,00523)UUR5H,
VIVEE94664323,=3490eMN34,~107+378, 2941137.,586634309'9!2420.00'
KCDPHImY 35,60
PSIREQ'-16c3268238£6'67090“620759o
JRBETC+7=2,

JRBETCe29=2,

AAETC+50=},,

ARETC+24=} 4,34,
AAETC+54mK, 609734 ,143Rey15e85,

INPUT DATA LISTING FOR TERMINAL CONIC CONSTRAINT (Cjz, Cj, i°)

KOB=0,0,0,141

WIBT’OI’IO.

KCOPHI=1,5,6,10)
PSIREQm=16,3268288E6,67.4046207€E9+504

5. Run as a "stacked case" behind terminal constraint (C3, Cy) input data.
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INPUT DATA LISTING FOR TERMINAL CONIC CONSTRAINT (Cs, a, 6)

INPUTS

HEAD= (BRADFORNDYCHKOUT YERM, CUTOFF SURFACFES AND TRANS, EQSe
TZERO®DesNe3s0asNey0arnaey
NRGCTa3},

NENDCT=S,

NP'ZS|0.".O,

PRINTESD e 506910,
STEPmlbeslbeslbay
JRBETC=1,42,0+3,3,40,
AAETC+8=39748.+7,

KDBmD, 1,1,

TTBLw0 4,440

CPTRALE3 44330

KCOPHI=],5,18,19,
PSIREQ=1ReESL1Ne 00

- Fo0,4,0e,200000,

INE+B=],,

XMD= e g Ne b,
TAUT=04,735e4460.,
AAETC424m15,55,31.59,

NOEVNT=] 41,1

AAETCE} 1Re,y

JRBETC+10=y,
VIVEE9AA43231=349NeN34y @1N7+378,2933546e5,-50645143,=10751R48,0,,
VIVE#3E29411374958468474,291242.,
AAETC#+50=1,.,
AAETC*543R,4,b¢073,914180,15485
WiIBTm2,e ;4a,

TAUT=ED,. s 1500094564
TTBL=150N«,50004,

CPTRLE 68,4637,

CYTBL=0,4,0.,

JRBETC‘7‘2.

JRBFETIC+29m3,
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APPENDIX D

UNIVAC 1108 FORTRAN LISTING OF SUBROUTINE APRTN
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NI, 3¢ )

SURRODUTINE APRTM (M)
COMNMON/CONTST/CONT AT S TATE(15,7)
CAVYON/XTRA/GHA SOV ERAL HHOIR
COMMON/EPRNT /FPRNT g rHIPS 4 CHIY G s AP g ALPMN o ALP Y E 3 AL PS4 NAHIP 3 NOHTY,
1T RALPWNALPNTEP (242) 4,801,800 ,aN2,TEAY
COAMMANSERAY /ATA 3511 0022,G272,537
COVMMDN/ALDNGO /ALY A
COMMNN/CHIRAL/TCHIN s F 47 3 CHRONT
CAVYIOM/SPHT /6PHT D]
C"J\""'C'\‘/NTA"";l-'?/'!T';\"L'7
COy ON/REST/JGTR §IICHREZCCDRIC(6) o TR LS9 FESNCP ARSI ET(17)
COMNR JONNGT /AN DT GO F Gy FLAT 9 M) al e Ny CMIF g OMEA L 3 AL T ALT2,051
COVUONZAGENT/TINMELO 3 18) o TAUIT (1S s TAIN(15) s TIFR DS TORASSTLIFTHTTILT
1 TCHFRZsDTZ o T Qs TL oY " AIG e AMNF(2) o T (41 B) 3 AF(18),S(18),"D(18),
2 WJET(15) s XVYDULTIB) o F(18) s CHIFRZsHFAN(18) 4PRIT(15)sSTAP(15)
2 HMAM()E Y HYAY (1 F)
COMMON/AGEN2 /ML g SA g rA S ALF s ST 09581 29 COI N e CHIP Y CCHIP s COMIP s THIY
1 SCHIY sCCHIY 9 THZ 9 TH s CTH s THGT s THETL 9 ZTHL s CTHL o PPHIZ yGR 9 GTH
2 RTHE SRTHZ sRsR2 s VR aTHR o X 14X ™DOT s N ig N T a "7 317372 s¥723Y2 922+ 'R2
2 VIV(8)s DVARC(T),y NELXD (18 43) aNFLXPRITYI s TELXN(165,37)4FXITy
4 DRAGYSCHINOT 3 MZERNSF7ERD G A Ty RN yPAM s Sy X IATH Q9 MNDT yCAX 3 CNP 9 TNy
FAASFANSFXoFY sF 7% (353)93L(293)930(0247)90(3531,DA0X(6)9CALE,
CT2sUMF AL s A2 g AR o X JEXT s GN'JILIN) o KINDI? G KROVERD 3 IFE113 YL
PDHMAX (18 ) 4 NHMN e TEP (1 5)
COVMOM/AGEN3/IORRSTTIHR s TWD 9 I ICHT 9 IXR9JCRT 9 JU P 9 KAT 9757
1 KCYTABZKDIRYKPAGE JUKPRT X ST s KX UTASLIMNFSoNTGCT(4) ¢ NENDCT (4) s NMAX
2 NOEVNT (5) s NCTRACGMOYD (15 ) 9 NVNT S HVRST W N YNT
COMMON/FORINT/HPAMY (21 T oTT o' s sV aXaYs7 s XV 3AHTSNDVAR(B )
1FSAVE(27" ) s NTRGL s TV T oNTRG2 9TV 29 MTRE3,TY 2o NTG4L s TVLINTRGCH 9TV E
INTRGE s TVEIMTRET s TY 7 4K TMD G KRNER § T g FL 9 AYL oI X o HM by MM
COMMON/BAKINT/PRAMIZ(2) s TRK s TPXD s YL (T 17 ) s YLD 7913) s SAVE(1350)
1 NBTRGISTBVISMRTRG2 s TPV2sMRTRG3HTRYIZNBTRGSL s TRPVL S NATRG5,TEVD
2 TENNSDTRGsDUIBZH,D234N434MTISSN(17,17)
DIHENSION RIN(4L4T Y TE(6)
LOGICAL CONTST
DATA(RID(I) 91=3440) /5HLIFT=Ne 2HFF s 6HICNI T 2HOMN 36HB00ST 26HIMPACT
16HTHRUST s 6H EVENTs6HENG CUSs4HTOFF s 6HNFOIN s 4HTILT 9 4HEND 9 41HTILT
2 AHSEPARAZAUTINMZAHSTART 4SHEDAST 4 GHFND 0231145 T 96110 KMSelHe
DAMTIL KMC G TH
FE6HO MAXT ¢ 3HMUM, EHTINMJECT »SHICH s 6HAFGIMN $6HCHIFRZ o IETGHT s
364 DROP
LOEMREGIMN s 5HMIN=[{y 6HIEND AT 9 3HMOS 3 6HRETIGMT s 4HT ICNY/
DATA(RID(I)sI=142)/8H s 6H /
IF(LERLEQWIIRETURN
RAZ=ARS(FAT=AA)
FUTIR=NAZ
IF(TeGTeTCHIRICHIR=PAZ-ARS{CHRNCTI*(T-TCHIR)
IF(CHIR LT «D )CHIR=N,W
CHYIR=CHIR*¥SICGN (149N *2)
X=X T+XMAUG
N(1s2)=X/R
N{242)=V /R
DE2y2)=7/R
CTH=A(152)%¥D(142)+A(252)%¥D (2921 +A(2,2)%D(3,42)
SPHIZA{Y1,1)#¥N( 19234 (2,1)%¥D(252)42(3,1)%0(2,42)
CPHI=A{1+3)%D(192)+4A(2s3)1%¥D(292)+A(352)%¥D(3,2)
PHTI=ATAN? [SPHT P
IF(TeLTael)PUI=NTZ#OMFGA
XNAD=PHT
TF(PHT LTe e )PHI =PHT+2,,%PT
PHI=(PHI=OYFGA¥{T+NPTZ) Y ¥RANSAL ONAD
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VIs(trep i #lleyy %y y2x £

AAM (Y LIIEY VAT Y SRRV
CAMSADY QT M (AN, 100y

IFIGAMeGT WP )Gv’\”zf}’\"—z.*P]
C1l=VI*¥R¥COS(GAM)

CAMSAAMAD AN

CFAa=\T#YT=0 gxrtnec/n

THFE=THP

IS{INRR,, TN, 0y~ TR 97
THE=THFE-FXTT*P *"

CHIP=ATAM2 (SCHIP, [P
ALFP=ATAM2 (S )= HIP
ALFY=ARVCIM(QV /YD 4 1ER)
CHIY=ATAN2(SCHIY,CrHTY)

IE(HIY FTPTY IV =Y =D %D T
C1AR=ARYSTM(CaT A, TED)

CERCA=CQTrEN AN

CAMNTINUFE

XLACC=(THF=FAA)Y /X"

FENGQ=CHTIPARAN

CYNG=CHIY*RAN

IF(INRR,FI,1)1"™ TN 20

Qutzlim (Z KA DM =Y #AFIN)

Qit=lem ( XHEARDW =T XA] DY

Y =Ve (YHA]2H =Y 2AD DU

VR= ([ SH#* '+ 511 Ciaqygcyy #%,5
TEMP=(W*CCHIY*SCHIP+URCCHIY*CCIITIP+V®*SCHIY ) /Y]
ALF=ARKCCOS{TEYP S IFR)
ALFP=ATAND (W11 =CHIP
ALFY=ARKCIN(V/VT 41D

TFMD=RF
IF(JORRGEQeC)ITAMP=IIMERRE/ (1MERUMEX (] 4 =CT2)+LT2)1%%,5
ALT=2R=TEYp

ALTP=ALT

ANFG=ALF#*RAD

ALFP=ALFP*RAD

ALFY=ALFY*DAN
THFP=THF /4 444822167

XMLR=XM/ 445350237

TISP=F(ITHR) /(RZEPNXXYNLTTHR)Y)
STH= (1 =CTH*CTH) *%,5

PATH=R*STH
P1e2)=(P(1s2)%¥CTH=A(T142))/STH
DU293)=(D(2,2)%CTH=A(2+2))/5TH
D(3s3)=}D(392)*CTH—A(3,Z))/GTH
D(1s1)=(=Y*A[2,2)47%A(242))/R5TH
N2 1) =(X*A(RyD)=2%A(7,2))/RSTH
N2 1) (=XFA(2 3214V HA(T142))/RSTH
VTH=ED (121 %04D(2,3)%U+D (3,53 *Y
VPH=N{1 1) ¥W+D (2, 1) %¥J+N (351 ) %Y
X1==VYTH/COART (VTHA/TH+YPHX¥YDH)
A2=ARKCNS (XTI 1FR)
THET=ARKCOS{CTH,IER)
THETA=90.,~THET*RAD
THETG=ATAN2(STIN(THETA/RAD )y IMF*UMF*COS(THETA/RAD ) ) *RAD
XINC=ARKCOS(SIM(AZY%SIM(THET) 4 1ER)
XNOD={ XNOD+ATAN2 (CTH*YPH,,VTH) ) #¥RAD
IFIXNON LT o N IXMOCD=XMON+360,
XINC=XIMNC#RAD

Al =ARS (/02

p:/‘l*(‘] /f‘”||C
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21

59
C

(X3

S6

6’\

61
C
CH¥x
CH%
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N

ECr=14+P#C3/C"1IF

IF(ErC LTI TN 21

Crr=QNRT(FCC)

IF(RF=P/(1e4+F7r) LT ,RE/1N Y2 TO D

CETAMU=(P=R)/(PXFEC Y

FTANW=ARCCOG(CFTAM,TC0)

CETATN=(P=-RE)/(RE*ECC)

ETATMN=ARKCOS{OCTTATN ,IFR)

NELETA=APG(CTATNET AN

IF(GAM BT oM YNELETA=D (# (DT =FTANYINCLOTA

NACHALIZARYCNS ( (A1 =D ,/(A'\_:}r‘(‘r‘),TC”)

TF(GAM LT e )R D=2 (#P TR RENAN

ARCTHNZD (¥P T =ARKIOQ( (AM1=RFE)/{A1¥E77 ), IFR)

AEPEFaP AT THNLNC MMAL

NT = (NELTGR~FOCH (RIM(PCETHMY=STIN{2GENDY ) ) ) /SRRTICYIE/{ATHALXALY )
THT1=ARKCCS(CTHH*CCS(DILETA) +STH*SIN(DELLTA Y%¥COS(AZ)H»IFR)
OLPHI=ARY STN(SIMN(DFLETAYRSTM(AZY/STNITHT ) o IER)
PHIVP=DHT+ (D PHTNUFSAXNTT 2N

THIMP =GN =THT 122 AD

A7 =A7%RAN

M=o Nt

JE(LINES)BS956,67

WIRTTE HEACER

VDARE=VDASEL]

MRTTF( 6sBR)CLEE S (HFAN(T Y 41=21,17) 4 KPARE

FORMAT (111 96H ROMOT 42X 6HIAGT =3F1104017X 3 17A6 1 N3 4HPACT 1)
LINMES=84

IE(FPRMT JMESN IO TN 91

VURITEL Es6TIRIDIMYSRINIMNELY s ToVIaVR s THI o XLACCoXaYsZ sy 'yl sV eALTP
IXMACH s FAA S ADE =3 SDECZCPNG s CYNIN R e X3S s TISPsFANS THI NP s PHI Py THETGY
2XINC o XNOD s 89S SV g AHT 3 GAMS THEP 3 XL s Cl e T3 s THETASPHI W AZ
FORMATL /1Xs2A645H TIMEST184246H VSUNTIF1548961H VEUTRLE1568,
164 THRSTsE18 4898 LACCH)E15eB9/12X96H 212=X3E156898H X13-YsF15.8
P26M Y13=25sF1548 4584 ZN12W,F1R 8,61 XD12M13T15,85/12X96H YNT13VsE16,R
26H ALT 9 F 154846 NMACHZF15,8,6Y TAANYF1%e846H ALPHALZT15,84/17X

46H STGYALE168,846H  HIP,F15,8386H  CHIYIE1H54846H RsC1548,
BEH MASS3F1548,/13X,6H NyF1548s61 15PyFE1548s6! FANSIF 1548
66 LTIMPLE15.845H LMGHMP43F15.8,5/13X9AH GDLATIF 1548961 INCLsF1548:
T76H NODSLZE1548,6H SMyE154896H SUsE15489/7123Xs6H SVsF1548:
|6H AHT 4 F15,8,AH GAMgFE15,846H THEPsF15,8y6H XYLN9FlB4E85/12Xs
986H Cl1sE154844H4 CT243E154856H LAT»E15e8s56H LONGsF15e8y

NAH  AZ.SyF15,8)
LINES=LINFS-0
IFIMTABLESEQ. T IRFETHIRN
TE(NUAY AN, N)DETIIDN

YRITE OQUTPUT FOR REPORT
GAMR=(SWEX+SI¥Y+SVY%7 )/ (R¥YR)
CAMP ARV CTM(RAD Tl

TR(GAYMR AT WPT)RAMP =AM R=D  #D ]
AAMRZGAMDENANR

ALEQ=ALF*D2

CPNG==CPRG

WRITE( SIRIDIN)SRIDIM#L) s TsVIsVRHIGANMsGAMR s XiTa XML2s THE s THEP »
A XLACCH>ALTP sRaXMACH sQ s ALFP s ALLFY s AZ s CPRCH»CYNCHCHIR Al'T 9X9Y ol s
R Wl g Vg ALFDyTHETASPHT s (DYAR(T) 9 1=143)

RETURM

VELACITY IM FPHEMERIS SYSTEM

NYE=TERP (1, 1) # '+TEP (1,21 % J+TFP(1,3) %Y
'\VE:T!??')"‘."‘x‘-'J-T!-nll”"’_”f-"&rro(7,7,-‘h“./




CR**®

CH¥*x

CR%x%

CH®#

CH#E%

CH#%¥%

C#¥%

C#%%

C#* %%

CH**¥%

CRex

CH*¥

CH**3

CHux

DZE=TEP(3s 1) # +TEP(3,2)%U+TEP (3,43} %Y

PASITIAN M ERySHENTg SYSTEM

XFE=TFP() 41 )#X+TEP(1,2)%#Y+TFP{1,s2) %2
YE=TEP(24 1) %#X+TED (2,2 )%Y+TFP (2,3 ) %7

ZE=TEP (341 ) ¥X+TEP (2,2 )%Y+TEP (3,2 )%#2

TEMPA=YE#DZ-2F*DYF

TEMPD=ZF#NXE_XCxN7F

TFMPC=XE*¥NYE-YF%¥NXF

Cl1E=14/ (TEMPA*TEMPA+TEMPRX*TEMPR+TEVPCHTEPC) %% ,5

UNIT VECTOR IN ANGHLAR MOMENTU'Y DIRECTION

NlF:TFMPA*C]F

WOE=TEMPP*C1F

W3F=TEMPC*C1E

RDOT [
RD=(W*X+URY+V%7) /R ‘
TEMPA=VI*VI-CMUE/R ‘
TEMPR=R%RD j
PEMP1=XE#*TEMPA-TEMPR¥DXE !
PEMP2=YE*TE PA~TEPR*NYE ‘
PEMP3=ZE#TEMPA~TEYPN#NZE
PRARMU=(PEMP1*¥PEYP1+PEYP2#PE P2 +PE D2 xPI P13 ) #% 45

UMIT VECTOR IN DIRFZTION OF PFRIAPSIS

P1F=PEMP1 /PRAD

P2E=PEP2/PRBARL

NAc=DEVPR/PRAR Y

SEMIMAJOR AXIS

SHA=A3S(CHMUE/C3)

RIGHT ASCENSIOM CF ASCENDING MNCDE

Wart==y2F

RASMOD=ATAM2 (1115 o2 ) RRAD

ECCENTRICITY

TEMPE=CR+R#R /(T UE*CIUE)

ECCTEIN=(1e+TEIPEX(VI*VI=-RD*RD))

ECC=0e

IF(ECCTEMeGT e L (C=(LCCTIN ) #%,5

RADIUS AT PERIAPSIS

RCA=ABS{SMA%(1e=ECCY))

RADIUS AT APOAPSIS

RAOP=SHA¥* (1le+LCC)

VELOCITY AT PERIAPSIS

VPER=C1/RCA

VELOCITY AT APDAPSIS

VAPO=C1/RADP

CALCULATED OUTGOING ASYMPTOTE (S519524+53)

TEMPAR=WIE*P2E-V2E*P1E

TEMNS1==(1./ECC)

TEMS2==(AB3S(ECC*ECC=14) ) ¥%,45 '

S1=TEMS1*¥(PLlE+TEMNS2* (WPE*PIE=U3EX*P2E))

S2=TEMS1# (P2E+TEMS2# (H3E#P1E-Y1E*P3E))
S3=TEMS]1*(P3E+TEIS2*TTVPAR)

SPRAR=(S1*#S1+4S52%52+872%¥53 ) #% 4,8
S1=51/58AR

$2=52/S5SBAR

5$3=53/SBAR

ARGUMENT OF PERIAPRSIS
ARPG=ATANZ2{(P3ESTE"PAR)

TRUE ANOALY

TENPT=ABS (SYA#(1e~ECC*ECC) )
STANO=TE!"PB*(TEMPT/CLUL) %% 45
CTANC=TEMPT-R
TANO=ATANZ2(STANCsCTANQ) *¥RAD
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* % % f
¢ ;52582(CﬁUE/5‘A**3)**05
PERIOD=2+%PI/X'ECR
Cx#¥ ACCELERATIUI CoMPe [N PLU WWLINLE SYOLTE.
NPOXP=CVAR(])
DCYP=DVARI(2)
DNZP=DVARI(3)
IF(JORSeLweJ)GO TO 521
DDOXPG=X%#G11
DNYPGaY#*G11
DPNZPG=Z%G11
GC TO 522
501 CDXPG=X#Cll=A(1ls2)%GTC
DDYPC=Y#(O11=A(22)%GTO
DDZPG=2Z#Gl1l=-A{32)1%#GTO
Cwx#¥ GRAVITY LUSS
5,2 IF(TeEQeTZEROIVZU (" Z# 2+ 2Z*J2ZHVIRVL ) (¥ o3
DJ4B=(le/RE-1e/R)
IF(DU R eblLTeua)DU 22T 0
DVSTRa(VI*V]+2¢#CIUEHRDUIL ) g5=V2E
DEL=WZERC/Z (X +ZERD)
VEX=TISP*GZERC
VC=VEX¥ALOG(1le/(1e=""L))
GRADV=VC=DVSTR
TEMPX=XINC/RAD
XULATP=(S3THNITE FX)YXSIN(AGPS) ) #iAL
XLMNGP=9,
IF(«NOTWCONTSTIGC T 672
TEHNLAY=ATANZ2 (P20 sP1F)
FMEHT=ARKCCS ({8 A=RY Z(SHARECT) s ITR)
SEMGHT=SINIENGHT)
TTAUSTEIND=((ENGIHIT=ECCRSENGHT I /X 2N
TTP=PERICD=-(TEND=-TTAU)
XLNGP=(TEELAW-(GH&/RAC+OHLGAL*(HCJE*BCTJ.fTEﬂD+TTP)))*RAJ
673 AXLIN=A3S (XLNGP)
IF(AXLNeLE«3604)GC TO 602
XLMGP=XLNGP=36"e*5ICH(1e9XL*GP)
GO TO 603
602 IF{KS1eNELT7)GO TO 6"1
DCHIP=CHIDOT
DCHIY=0,.
601 IF(TVS54ECeTCHFRZ)IECHIIP=0,
ARPG=ARPG*RAD
APND=ALPM*RAD
APWD=ALPW*RAD
DCHPN=DCHIP*RAD
DCHYD=DCHIY#RAD
DLPNN=DALPN#RAD
DLPWD=DALPWH#RAD
WRITE(G6964)RIDIN)SRICIN®L) 9T oXsXE s WslXEsReX s YsYES!'sDYED
1 ALTPoXMLUIZsZEsVsDZEsVIsCUXPILIXPG. 1LsP LI s THLTASRDSLDYPsDLYPS
2 W2EsP2EsPHIsCAI s DDZPsLDZP Ny 3L eP 3 "ZeVPIR
WRITE(6965)XLATP sCPUG o APND o RCiHHP Dy ZLPNE s VAP Do XLNGP s CYDG AP D s BCHY Dy
1 CLPWDIGRADV 95 A C39CLsECLyRCAIIIACP o XINC o RASHID» ARPG 9 TANDSPERITD
29XMEOR5195295255N195D255923
LINES=LINES-14
IF(NMAXSNE«2)RETURN
IF(ITHR<NESNTABLE) GC TO 321
TZ=TIME(1sNTACLE)
DO 302 1=1s6
12=NTARLE=1+1]
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anN3
NyNL3Y 001
(8°713¢QSHEXY*B*H132ASHEXY¢8*H 139
TASHEXH S B Y TIESHZXS 2 v TIZSHZXG 0TI TSHIXL/8*»TIYOIHY XL ¢8°H 136
QC1Y3d HLeB*HTIONVIHHXE R #TIOJYVHIXECE HTITCNSVY HL* 8w TIONIHEXIY
/8°HTIdOVHHHXES B HTIVIYHEXN ¢4 TIDDIHEXH B H I 3TDHIXG 8 Y T1IEDHIXSGE
Oy TIVRSHEXS/ B HTSACVYEOUHGX 28 HTIHdTVCHGXZ 8 v TIATHIQHGXZ¢8° %132
MATIVHYXE$B*HTIATHIHYXE Q¥ TIJONOTHGX /8 v TI0OGVAHIXE* B ¥ TINdTIVAHGXZT
¢8°HT1IdIHITHEXZ 8  #IINDIVHYXE$B*H TIJIHIHNXE¢ 8 #TIdLVIHEXG) LV NYOT 69
183w TIYIJIAHYXE 8w TIZVHIXG48* T3 EdHIXSGL
¢BPHTICHHIXGSE*HTINdZACHSX 248 #13dZUIRYXS/ 2 #T3HLdHEXY * B9
*HTIYONOTHGXZ QO HTI2gHZXS 071 HIXG¢B*HTICHAGCHSEXZ 8 ¥ TIJAQTHY XSS
/8°HTILOQURYXES 5o YT IULVIHYKES 3 #TSTdHIXGS 8 v T3 TMHIXG¢C*#TISdXATHY
GX2¢8°*HT3dXAQHYXC/ S T IAHTIX I8 #TI2ZAHIXG G v TIJZCHEX YR #T3ZHIXG¢¢E
B8Oy 13dZHZXG B Y135 UNLHHGX Y/ 8 HTILTIVHEXY ¢ B HTIATHIXG 7 TIJAAHEXNL
QO HTIAHIXG 8 v TIdAHZXS S8 K TISSUKHYXG/8*HTIYHTIXI ¢ 2* #TIXAHIXGT
$g*HTIGXCHEXH B HTIXHIXG B *HT1IdXHEIXG EHTIIHNILHYXG/4QVZ X1/ )1V, ¥04 %9
QiAdV S INAY ¢ DA €DAdI* L ZL4gTX WXL
S$Q0TUIdSOdHVEONYLEONIX S dONUSYIHETHSDIDICED¢TD¢dZAC¢dAQC dXAC¢32ZaT
CIAQOIXASIZOTACTINCACN 6§ ZASXSTHAOYLIHLSWYOSZVETACHeL¢L (6)3LTUN
NYNL3Y (3T8VIN®LAYHLIINID 10¢E
(2I¢T)3WIL=(1)31 20¢
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APPENDIX E
UNIVAC 1108 FORTRAN LISTING OF SUBROUTINE TRASH
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5CO

5
2

3

CH*¥

120
112
111
12
11

177

600

1111
1125
113¢
124C
12590

171

173
172

174

502
503

126

SUBROUTINE TRASH(MODE)
DIMENSION OFF(2)sTITLE(17)sA(T)sSU15),0RBLILC)STE(S)
STEP=e5%%24

DATA (OFF(1)9l=192)/6H s6H /

DATA ENDPRT/6HENDPRT/

DATA BLANX/6H /

DATA(TITLE(I)»I=1917)/6N Ps6HARKINGs6H ORBIT»6H COAST»6HPERIGE

1»6HE BURNs6H CONICs6H COMDIZ6HTIONS »6HAFTER »6HFIRST s6HBURN

2 6H TR96HANSFER s 6HAPOGLE 964 EURN »6HSECOND/

NOT=1

REWIND 9

READ( 9)IEP»TsRsVIsAZsPTHsLAT»LONGsSsORBLaXMKG XL 3sTZsTEsCHIP9CHIY
1 2 ALPNsALPYW

REWIND 9

GO TO 400

NTAB=1

I18CK=0

WRITE(6s1)0D)0FF s As X 4G X LY

3C TC 100

WRITE(691201)0FFs(A(I)sI=156)

CIRCULAR OR2IT
GO TO (11391109137511791129130)sN0IT

GO TGO (111s112+11351245125)sNTAB
WRITE(6s11110A(T)

LINES=32 :

READ (9) EPsTsRsVIAZsPTHILATsLONGsSsCRBLIXI’KGX L 59 TZyTEPCHIPY
1 CHIYsALPN»ALP™

IF(EPeECLENLPRTIGO TC 173

IRCK=13CK+1

TC=ABSIT=T2)

R=R%*,0U1

VI=VI*,a001

DD 172 I=1,15

S(I)=5{1)1%47101

ORBL{1)=CR3L(1)%,0N1%,771
ORAL(2)=0RBL{2)#N01%#,071

DO 60C 1=496

OREL(I)=CRBL(Iy*,001

GO TO (111051120,113051264351253511)sNTAS

WRITE(69599) ToTCyRsVIsAZ»PTHLATSLONG

GC TC 171

WRITE(619999) ToeTCr(S{I)s1=1+6)

GC TC 171

WRITE(65999) ToTCe(S(I)el=Ty1l2)

GO TO 171

WRITE(63599) TaTCoyXiMKGyXMLEBsCHIPsCHIY sALPNs ALPY
GO T0 171

YRITE(69997) TeTCs(S(I)sI=1315)
LINES=LINES-1

IF(LINES.EQeD) GO TO 3
IF(ACS(T=TE(NOT+1))eGT&STENPH*TE(NIOT+1))00 T2 11
WRITE(649998) A(T)
IF(EP«EG.ENDPRTIGO TO 174
NTAR=NTAB+1

IF(NTABSLE«NTBL)IGO TO 532
NOT=NOT+1

GO TO 400

WRITE(6+996)

DO 503 I=1»IBCK

RACKSPACE 9

18CK=0




112
113
124
125
130
C53%33
400
2400
410
411

401
407

413

402
404

414

415

416

403

420
422

423
406

425

1000 FORMAT(1H1y78X12HTABLE NUYMBER/1XZ2A6929X6A6/6H

IF(EP.SQ.ENDPRT)RETURN

GO 10
WRITE(691112) A(T)
GC TC 12
WRITF(651113) AL7)
GC T0O 12
WRITE(6+1124) ALT)
GO TO 12
WRITE(6+1125) AL(T)
GO TO 12
WRITE(691131) NORAL
GO TO 172

$SNOT TRANSITION

DO 2400 I=1s7

A(T)Y=BLANK

GO TO (410+423+420)4MODE

GO TO (41159412+4139414+4154416)sNOT
DO 401 I=1+4

A(T)=TITLE(I)

AlT)=Al4)

NTBL=3

GO TO 5

CA(3)=TITLE(S)

ALG)=TITLE(6)
A(T)=TITLE(16)
NTBL=5

GO TO 5

DO 402 I=1ls4
A(I)=TITLE(I+6)
Al(T+2)=TITLE(I42)
NTBL=1

GO TO 3
A(1)1=TITLE(13)
A(2)=TITLE(14)
A(3)=TITLE(&4)
AlTi=A(3)
NTBL=3

GO TO 5
A(3)=TITLE(15)
A(4)=TITLE(16)
GO TO 405

DO 403 I=1s4
AlT)sTITLE(I+6)
At1+42)=TITLE(I+12)
GO TO 404

GO TO (41194229423441194254423)9NOT
A(3)1=TITLE(1])
Ala)=TITLELL12)
GO TO 4058

DO 406 1=1+6
A(T)sTITLE(I+6)
GO TO 404
A(3)=TITLE(1T)
A(4)=TITLE(16)
GO TO 405

1E13e894H KGSs8XsE134894H LBS//)

BEGINA6 94X THWEIGHT =

1111 FORMAT(4X4HTIIE»6XA695H TIMEYSX1HR»6X13HHINER VELOCITY2X9HAZIMUTH S
15X3HPTHSX8HLATITUDE3X9HLONGI TUDE/S5X3HSECLIIX3HSECBX2HKM10X6HKM/ SEC

996

17X3HDEG8X3HDEGBX3HNEG8X3HDEGY)
FORMAT(1H1)
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aN3

(DINCD 40 GCIM3dHGIXZT*D3S H®¢Z°214=0CIY3d HEC
JUALNID-183d 40 INIWNOYVHEZXZT¢OIG HYe3°2T4=  9duv HE1
JAIVRONY 3NULHITIXZT¢93C Hprés*ZTld4=s  ONVI HE6

/NMOTLVNITIONIHTIXZ21¢493d Hy¢9°2Td= ONI H8l

/HALNIO=0dY 1V SOATAVYHLZXETAM HE¢Z*Z1d4= 0dVY HBY

ZY3INTAD-I¥Ad LV SOTSVYHIZXET M He¢Z*ZTd= VoY HBS

/OINCD 40 SIXV YHOryY,y DI3SHYZXEeTopy HefZeelds= VinS Hew

JALIDIMINIDDSHZIX91¢ 9T 4d= 323 HWB/SSVH ¢t

LINA ¥3d AD¥INI IVLI0L 3HL 3I3IMLMGEXGOS(D3S/uN) HITeH*cld= €D He<e

) /7SSyl LIun €3d vNLN3AC:. ¥VINOKVHOET
¢XG¢D3S/0S (W) HIT¢C*214= 1D H8//S1MN3i313 IVLIgY0 HLT)Lvindod Tell

- ((XZ8G°TTd)ee(XZ4e®TT4)G)LVIH0d L66
(/(0S)ID3S/EMHCTXYIDS)IDIS/LHCIXH{0S)I O3S/ WHHGTXLOISHEXTTT

¢DISHEXS/dZACEHXCT S dAQOHHXOT $dXAAHY X831 TL HGC9VYX9TITLHY XY ) Ly 04 6211
(/93CHEXE6DIAHEXBOIAHEXEOICHEXEL

$SPTHEXCTSONHEXS $D3SHEXTTIZIISHEXG/ YHYTVHLXSN VHIIVHLXGT

A THOHGX9%d IHDHGXLLIHOIINHOXB¢SSVIHYXGINTL HGCQVYXIINTLIHYXY ) LViiI0d %211
(/23S /WAHSXIC
¢33/ MHIX9ID3S/ ANHIXS CLAHZXOTUYHZ XL TWIHZXB833SHEXTTIISHEXGT

/ZQHZXOTAQHZXOTXTHZXCTZHIXTTAHIXTIXH IX9INIL HGCIVXIINTILHYXY) LY¥0d €111
(/23S/k%NHIX9¢DC.
IS/WAHIXI¢ OIS/ IINHIXS CANHZXOTHNHZXC TWYHZX6DIASHEXTTDO3ISHEXS/dZAl
HEX6JAQHEXSAXAHEXEJZHZXOTAAHZXCT ¢ dXHZX93WIL HGCOVXIIWILHY X)LV 4y¥0d CTT1
(/79V9X6Z49VZXT/N38LNN ITGVIHZTIXEL¢THT) LVY0od 1001
(EoTTIVeETTIoXTH(XTOETTS)IE)LIVHIQL 666
{(9VANI HY/)1VWY0d 866
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