w

L]
]
&

+

Lo ]

< .

<
n
'
2
b
+
=
-

~where q = _q(t) 4 sin 27t - 6nt

r =r(t) =2-2cos 2mt | - (A.10) . g |

1

s = s(t) = sin 27t _
To the same order of accuracy, x may be replaced by p - 1, where p is N
the radial distance of the partiéle from the Sun, and y may be replaced

by ¢, where ¢ is the heliocentric angle by which the particle is ahead

of Earth.
p o= 1+sV, +rVy
¢ = -1V, +av, (A.11)
z = sVz |

In Eﬁuatioﬁs (A.iO) and (A.11) velocity is in the EMOS unit; distance

is in the astronomical uhit, gnd time is measured in years. The fact

~that dist‘ance and velocity 'appe;r to be dimensionally the same is bec_ause

the choice of units has suppressed the numez_-iéal factor of Earth's

_heliocentric angular raie of 27 radians per year. Npté also that

the velocity of one astronomical unit.pe.r year differs from the velocity

~ of one EMOS unit by the factor of 27. |
The magnitude of the acceleration error made in the simple model '

is given by the terms. neglecte& in Equation (A.8). The general accuracy

of each of the models is discussed in the next appendix.
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ACCURACY OF THE MATHEMATICAL MODELS

"The accurate two-body model assumes that a vehicle acts hke a

particle and the gravitational "gradient" forces due to all bodies

other than the Sun are neglected. The effects of perturbations due

to the departure or arrival planet are taken into consideration
automatically by.defining the initial and ter;utnal vel.ocities for the

: interplanetary phase as the hyperbolic velocity after escape from the
departure planet s gravny or prior to capture by the arrival planet's
grav:.ty For fhghts to the near planets the neglect of Jup1ter causes |
the greatest error. Jup1ter has a mass 318 times that of Earth at an
orbital radius of about § a.u.. Lawden( 0) has calculated the error due |
to neglectmg Jupiter during a Mars trip to be equwalent to a launch
velocity error of about five feet per second. He argues that there is no
need for greater accuracy because the launching rocket will not be able
to deltver_it. Following Lawden's suggestion, define the acceptab_le
-accuracy for mission planning to be equal to the 'Iexpected initial launch
a'ccuracy,_nomina]ly about one hundred feet per second. The accurate

two-body model therefore provides acceptable accuracy for mission

planning.

The standard quel assumes the Earth to be in a circular orbit about

the Sun. The actual position of a body in elliptic orbit is given by

r = a(l - ¢ cos E) : (B.1)
where: -

a = the semi-major axis

¢ = the eccentricity ‘ N

E = the eccentric anomaly -
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Since ¢ = 0.017 for Earth, the maximum error in r due to assuming
¢ = 0is 0.017 a.u.. The inertial velocity, V, of a body in elliptical orbit
is given in EMOS units by

: s , |
'V2 =I1+e_+2ecosf (B.2)

-2 - ,
a(l-=¢")

where:
f = the true anomaly |

Expanded in powers of e

v =V:'T(1 +¢ cos f+ e'2 ves) = _ (B.3)

'

The maximum error in velocity due to assuming ¢ = 0 is about 0.017

EMOS. The standard model doeé_not provide acceptable accuracy for
mission planning and provides only minor simpliffc ation of the orbital
mechanics.

The simple model produces even less accurate positions and velocities

but is \}aluable because it provides gross simplification of the orbital
.mechanics.. Equatibns (A.lO) or (A.11) represent the mathematical mo'dél.
ngorous equations for the same coordmates cannot be written in closed -
form because the position of a body m an e111pt1c orblt is only expressed
as a function of the time through the medium of the eccentmc anomaly
‘which requirés a franscendental solution of Kepler's equation. The
coordinates can be written to any degree of approximation by using

(33) expansion of Kepler's equation, which is a power series

MacMillan's
in the eccentricity. By definition of p and ¢, and assuming Earth to be

in a circular orbit .

_ p : '
P " T+¥ecost (B.4)

f-f - 27t (B.5)
0

. =
"
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where:
p = the semi-latus rectum
fo = the true anomaly at launch

From MacMillan's expansion

f= M+ 2¢ SinM+%ezsin2M
‘3.
+ﬁ(13 3in 3M - 3 sin M) + ... (B.6)

-

where M is the mean andmaly defined by

27(t-7) = 5 )
S - (B.7)
a372 :
Here 7 is the time of perihelion passage deduced from Kepler's equation
g3z « 2
Ll - (Eo-e sin Eo) \ L (B.8)

E o is the eccentric anomaly at launch and is given, from its definition, by

- f ' . .
. _ -1 l-¢ o] :
| Eo = 2 tan [\f-——-——l_'_‘ ta.n--—zJ | (B.9)

. The true anomaly at launch, fo' is found from Equation (B.4) when

t=0and p =1 a.u.

’- --1I p-l ' i I .
£, = cos (—‘— : (B.10)

The orbital parameters a, p, and ¢ are expressed in terms of the initial

velocity components

a = o ® | ' (B.11)

1-v 2. (v +1)°
x y

. 2 .
_(1 +Vy) (B.12)

=l
L]

' 2 2 2
\/1+[Vx +(1+Vy) —2](1+Vy) ' (B.13)

~m
"
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Direct substitution into (B.4) and (B.5) gives p and ¢ as functions

of the time and initial velocity with an error less than ¢4 which for

typical Mars' trips is about 0.01, the same order of accuracy expécted

by assuming Earth's orbit to be circular. To compare the coordinates
‘given by these equations with those given by (A. 11) two special transfers
are.considered. In the fix:gt case let the initial velocity be Vi = 0 and

Vy = 0.1 EMOS unit. The coordinates p and ¢ aé deduced by both models
are shown in'Figure 20a as a function of the time. A crossplot of p. \.rs_. o
is shown in Figure 20b for both models. The positional aclcuracy is seen
to deteriorate sharply after about one half yéar. For the second case

let thé magn.itude of the initial velocity be 0.4 EMOS unit 5ut let the direction .
l?é such that the orbital period of exactly one year is produce'd by each
model. This rgqﬁires that Vx = -0.392, Vy = ~0.08 for the standard
model and Vx = ~0.4, Vy = 0 for the simple model. The coordinatés '

are plotted for both models in Figure 2la, b and c. The coordinates do

not deteriorate with time in this case but the direction of the initial

velocity vector is off by 11.5 de‘grees for the simple model. _ | : | i

\
ok
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"APPENDIX C

EXAMPLE OPTiMIZATION USING THE SIMPLE- MODEL

In Appendﬁiﬁ‘the coordinates x, y, 2, of a freely-
falling spaceship were eXpresSed in terms of the initlal

velocity by Equations(A.10) which are rewritten below,

.X = sVi + rV&
T S
g = 8V, : . ey ) s (A.10)
. . where q = q(t) = 4sin 2nt - 6mt

r=r(t) =2 - 2cos 2nt

s = s(t) = sin 2nt

. The p?oblem is to minimi;p the initial velocity for a
"glven value of X and z to be achieved at any time, t,
aftef launch., By trigonometric identity
sin® 2xt + cos® 2nt = 1 a0 ()
Comb;ning (C.1) with the dé_finitioné. |
ys2 4+ r2 - yr=0 (c.2)
The problem is reduced to an exercise in the Calculus

of Variations. Minimize

v2.= v&a ¥ v&a + Véa' (c.3)

~Subject to constraints:
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A:  x - sV, - x-vy =0 (c.4)
B: z - sVé =0 -(C.5)
C: s+ r2-Lr=0 : (C.6)
Use the technique of Lagrange'multipliers(38) to minimize
F = V2 4+ aA + bB + cC (c.7)
%%i’ 2?& -a =0 (c.8)
3F . oy _ st (c.9)
vy Ty .
JF . N e e ‘ ‘ :
v} 2V, - bs = 0 (c.10)
IF : -aV_+ 2¢(r - 2) =0 - o (C.11)
Jr y
=z ‘F ) » . : _ . ) |
= @ -8V - BV W 8cs = 0 (C.12)

The simultaneous solution of Equations (C.7) - (C.12)
- together with'the three constraint equations provides the
"solution to-tﬂe-problem. From (C.8) and (C.9)
= ¥ |

.v;—

From ( .9) and.(C.ll)

5 & 4 :
A" . .
orm cpege | T (©.14)
.\yﬁhbstituting for a, b, and ¢ in (C.12)
v.2 v?2 y4v2

g S et ey B D - (c.15)

X _ 8 o | : )
= | ’ : (c.13)
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From (C.13) and (C.15)

2. . w230 %2 _ ;
Vz = Vx %—Z _ (C.16_)

Dividing (C.5) by (C.L)

v 2
z z s
=S v o3 (C-AT)
- x r° + s° '

From (C.16) and (C.17) _
.4 = (c.18)

®in

= . 52 (3!‘ + 2)
r2 & 82 r -2

Since 8 and r'arelboth functions of the time, t;-Equationf

(C.IB) gives<§ as a function of the time. Since Equétion

(C.18) 1is transcendental a plot or an iteration is required

to obtain the time corresponding to minimum V when z-and X

are given. From (C.l4) and (C.13)

Ve ® oy % - | - ;- e8]
v, =t | (c.20)
Y r°+ s - .

Substituting in (C.3) ,

v I[ —2———2"2 g 22 1'1/2 ~ (c.21)
. y = + Co
min r- + s ;2 ; _ '

Equation (C.21) gives the value of the minimum velocity,
vhin’ when r and s are the values found from (C.18).
When z 1is zero the optimum transfer is through 180 degrees

with V , = Lﬁl, This is the model's representation of a

v

i ok e e
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Hohman transfer. When x 1s zero the optimum transfer 1s
purely a plane change, the spaceship travels through only
90 degrees, and V., ‘= |z|. With both x and z non-zero
the transfer.angle for hinimum initial velocity.wili vafy
from 90 to 180 degrees depending upon the ratio, -% .

it 1s sometimes suggeéted that when both x and z are
non-zero a Hohman transfer be made at 180 degrées and a

* . * ks
plane change at 90 degrees. The total velocity, V ,

required for this maneuver 16

v o= h’ﬂ + |z| _. | ' o (c.22)

*

' ' Vinin \
In order to compare these two transfers, = and T

are both plotted against the ratio, -% > iIn Figure 19.
Since vﬁin is always less than Vﬁ there 1s no advantage

to performing the transfer in two steps.
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APPENDIX D

SAMPLE MISSION ANALYSIS USING THE SIMPLE MODEL

To show the utilizatidn of the simple model a sample raission will
be analyzed. éonsider the problem of selecting the best trajectory which
can launch from Earth, make a close approach to Mars.. and re_turn to
_ _Earfﬁ without any additiona.l velocity change enroute: The trip is to
start in 1970 and take less tham 1.5 years. The trip will be selected using
only the simple model neglecting the effect of the small perturbaticn due
to the close approach at Mars, and the results will be compared with the
best traJectory selected from data computed w1th the accurate two- l::ody
model which includes the slight help obtained from the rotatmn of the ;
relative velocity vector at Mars. (The smaller mass of Mars makes_ the
perturbation small in comparison with a cloae approach to Venus.)

_'_I‘he problem is to find a trajectory which will reach Mars and return
.fo Ea_.fth withirl 1.5 years. From the standpoint of Equaticns (A.l'll) it'is
ne'c_essary to find the vaiues of t, less than 1.5, which allow p - 1 and ¢

to vanish simultaneously. The requirement becomes

~=-f-3 _ (D.1)

which reduces to | ' _ S
;1(1 - coe 27t). = 3nt sin 2mt . ' (D.2)

There are solutions-of (D.2) att = 0, t = 1.0, and t = 1.41 years. The

t=20 solution. ie trivial. The t = 1.0 solution corresponds to a one year

orbit and is the same trajectory discussed in Appendix B requiring a

-
*
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minimum launch velocity of 0((4% EMOS to.reach Mars. The solution of
(D.1) when t = 1.41 gives q - 2435, r = 3.67,5 = 0.55and V,_ = -6.67 V.
Thé'maaeimum value of p occurs when t = 0.705, half way through the trip.
At that time ¢ = IO which means that if Mars is passed af the date of the
current opi:osition (¢=0) then the launch-velocity_ will be a minifnﬁm.
The abproximate coordinatés_ of Mars on Julian Dlate .244_ 1175, the date of
the 1971 opposi_tidn, are p = 1.4 and z = ~0.04. Substitqting these values
back into eqiations (A.11) when t = 0.705 gives the launch velocity |
éorﬁponents as Vx = ‘=0;298, Vy__'.'“ 0.045, 'Vé = 0.047. Subtracﬁng the_

time to Mars in days from the Oppdsition' date gives the Jul_ian Date of

launch as 244 0920. The velocity tomponents upon return are the same

as at launch except for two sign changes.
At this point the simple model has predicted ali the parameters of
the proposed mission. It is necessary only to compute accurately a

relatively few trajectories from Earth to Mars and from Mars to ‘Earth

~ at dates near those predicted by the simple model. In this case the

"computed data indicate the best trip is near the same dates but requires

slightly less velocity fhap predicte_d‘ by the si_mplel moc-lel.. The p_a:.'amet.ers
of the mission found using data from the accurate two-body médél are
édmpared with thé para_metei‘s predicted Isolely by using the simplle mpdel
in Table D.1. S _ _ o
In Reference (4) -trips of this class are called ''symmetric' round
trips and are analyzed using the standard model. The author states, "In
this case, hdwever, L.ambert's Eq_uafion must be inverted for the solution,

and the use of a digital computer is dictated.'" This means that if the

standard model is used then the computer is required not only to compute

L




112

‘Table D.1 Parameters for the 1.5 year trip.

Parameter | Simple Model Accurate Two-body Model
Launch date 244 0920 244 0930
Launch Velocity 0.304 0.238
v, ' : -0.298 -0.234
v | 0.045 0.021
y - .
vV, - | 0.047 = 0.037
‘Mars Arrival Date 244 1175 244 1180 ' e N
Earth Return Date 244 1430 244 1440 |
Earth Arrival Velocity 0.304 0.295
v, ~0.298 _ 0.294 ._—
v | 10.045 ' 0.005
P ' -0.047 -0.033

the ti'ajectory but also to find it originally. The value of the simple

xhodel over the standard model should be evident.
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APPENDIX E

THE FORTRAN PROGRAM FOR BI-ELLIPTICAL TRANSFERS

T.he contents of this appendix consists of a copy of the FORTRAN

program'used to compute bi-elliptical transfers and a sample of the

output data which the program produces. The meaning of the major

FORTRAN variables is as follows:

THB

TJL

- GF1L

TJA
GF2A
V13RL]
V13GL
V13zL

V13TL

V23RA ]
V23GA
V23ZA

"V23TAJ

DV

]

L

-

the heliocentric angle between perihelioh and the
destination planet at arrival (this angle is referred
to as 7#SM in Chapter 7)

the: $Te o umnch i, Sulian ks =3540000 Says

the longitude indegz_'ees of the launch planet at launch
the time of arrival in Julian date - 244 0000 dayé

the longitude in degrees of the arriva! planet at arrival

the radial, circumferential, out-of-'pl_a.ne, and total

.componehts respectively in EMOS units of the hyperbolic

velocity after escape of the vehicle relative to the launch

_ planet'in the frame defined by the launch planet's orbit

at launch

the radial, circumferential, out-of-plane, arid total

-

components respectively in EMOS units of the hyperbolic

-~ velocity prior to capture of the vehicle relative to the

arrival planet in the frame defined by the arrival planet's
orbit at arrival
the velocity increment in EMOS units required at

perihelion

s .
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the radial distance of tile vehicle from the Sun -in

a.u. at perihelion

the longitude in de grees of the vehicle at perihelion




-
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AIELLIPTIC TRARSFER PROGKAM (I1HR = 150 DEGRECS)

PI=2.1415927

KEAL 9

FCRMAT (%0F

PRINT 9 ) -

REAC 10, FTL, ETA, -DF, PLA, Al, Cl, TJPL, GFPL
FORMAT (WFIC.%)

— ottt TR YTt e
'REA') 11, AZ,e2, 772 LGFRZ, Geu, AIVC

FCHRMAT léFlC bl
ETL AND FTA ARE THE FAKLIFST LAUNCH AMD ARRIVAL DATES CGMPUTED

DT = JTERATICA INTERVAL

2

44

15
[ {8

PLA = NC. LF PLANET THAY HAS TIME ITCPATFD FIRST
le = LAUNCH PLANET 2. = AUIVAL PLANET'
A = SEMIMAJCR AXIS
“E = ECCENTRICITY i :
TJP = JULIAN CATE CF PERIHELIGN PASSAGE i
GFP = LCNG. CF PERIMELICN (RFLATIVE TO F = FIRST POINT OF AIRES)
GEN = LCNG. CF THE ASCENLING NOLE OF ARRIVAL PLANET REL. TO LAUNC
: PLANET ¥LANE
AINC = INCLINATION ANGLE HEIWDEN THE TwWO PLANFT ORBITS
Te Jo ¥y M ARE TTERATICN COUNTERS
& 0
M 0
I 0 "
J ] :

W

0]

.PRINT 44 <

FCRMAT (130K  TJL GF 1L TJa GF2a V13RL V13IGL V13ZL

1 v13TL V23IRA  W213GA V232A V23rA DV AT PCERIHELION®
2eP) GFEY ) : .

TJL = ETL

Tdga = ETA

TLA = TJA - TJL

TFY = TLA/Z465.2%

TEY = TI®6 (F FLIGKY 1M YL AKS

ANUNMT = (TJ1=1JP1) w2, oP1/LSLRIFIALR2) 0365, 25:

Fi ANCM] + 2.°FLeSINFUANDRT) + 1. ?5-E1-El~§[NFl2.iananl
-R1 é lﬂll.-El-EllllllI.'Elc’dﬁrlrliih

o1 FPLePT/1PC. ¢ FI e G :
CNSLITL = SCRIF(2./81 = 1./A1) _ © a .
531 = ATANFIFLaSTINF(Fl1)exi/(AL - AVeElsfl))

YSTGL = VWSITI®CCSFIGGLY :

VSIRL = VSLTLeSINFIGHL)

ANCN2 = (TJA = TUP2)1 a2, «P[/ISLURTF(A2ee})e365,25)

F2 = ANCNM2. ¢ 2.8F2aSINFLANIIM?) ¢ L1.250E29F2sSINFI2.0ANOMZ)

KZ = (A2e(l, = 20200/ 01e ¢ +2eCOSFUF2)) ’

G2 =_i‘-'P?lPI!lE'{‘_ e £2 _ =

VS21A = SCRIF(Z. /KT = 1a/A7) .
GGZ = ATANF (A7 eSIATUTZ 0N/ . - A2eE20E2))

VSZ25A © S2TAs ISF{GHLL :

VS2RA VS TARSIRFLGGL)

SINIE = SiAVC. = C1)

CCSTH = CONFICS - G1) _ ;
IF (SIANTH) L&, 15, 14 ' Tk
PRINT ¢ _ -
FCRMAT (L0F TRANSFEY aNGLE = LHY FFGRFES

GE SV 16E

o
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14

)16

BIhLLIPYlC TRANSFER PROGRAM (THB = LSC DEGREES) o

ROUTINE TC LETERMINE RP3 FRCGM GIVEN TIME OF FLIGHT
FHB = S,sPl/6.

COSTHB = CLSF(TKB)

COSTHA = CCSF(C2-G1l-THB)

THA = ACOSF(CCSTHA)

‘RP3 = L7

89
90
91

IT =0 ,

IF(RP3-R1¢CCSTHA) 90,90,92 : .
PRIANT 91

FORNMAT (50H HYPERBOLIC VELOCITY REQUIRED

- G0 TC 1CO

92

93
94

1
9%

98
99

€A = (R1-RP3)/(RP3-R1#COSTHA)

EB = (R2-RP13)/(RP3-R2+COSTHAE)

IF (1.-FA) 90,90,93

IF (1.-EB) 9C,50,94

PERA SCRTFI(RP3I/(L.-FA))e=}3) N\

PERB SQRIF((RP3/(1.-ER))=a3)

CCA = 2, »ATANF(TANF(THA/2.1#SQRTF((1.=EA)/(1.+EA)))

ECB = 2.¢ATANFITANF(THE/2.)#SQRTF((L1.-EB)/(1.+EB)))

TOFR = (ECA=-EA«SINF(ECA))#PERA/12.2P1) +
(ECB-ER#SINFIECR))*PERR/(2.2P1)

IF (ABSF(TCFR-TFY)-.0001) 400,95,95

IT = 07T + 1

IF (IT - 30) 299,98,98

PRINT 99

FORMAT (50K ITERATION FOR RP3 DOES NOT CONVERGE

-GC TC 1CC

t 299

300

IF (1T7T-2) 3CC,301,302
IX = TUFR

RX = .7

RP3 = .H

GO TC A9

301

302

303

400

522

Ty = TCFR

RY = .8

GC 1C 303

RX = RY

Ry RP3

X = Ty

Ty = TCER

RP3 = RY+(TFY=TY)e(RY-RX)L/(TY-TX)

CC TC 89

SQA = SCRTF(RPIe(1.+EA))

SQB = SERTF(RPIe(1.+ER))

VS3GL = SGA/RI : _ £
VSIGA = SGH/R2 : _ o
VSIRL = EASSINF(GL-G2+THR)/SCA 3t
VSIKA = EBeSINFITHE)/SQB . ;
DV = SCB/RP3 - SCA/RP3 4

VI3RL = VS3RL - VSIRL
V23RA = VS3IRA - VS2RA i
VI3ZL = SINFLAINCSPI/LBO.)*SINFIG2-GFNePI/1BC.)sVS3GL/SINTH

DOGL = VE3IGL#VS3GL - VI3ZL=V13ZL
IF (DCG1l) 15,522,522 ) -

VI3CL = SQRIF{rCGL) - VSIGL

V232A = SINF(AINCPI/1P0.)*SINFIGL- cFNeplftao.icvsaualslurH
D0G2 = VEILA®YS3CA-V23ZAsV23ZA
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L
BIELLIPTIC TRAANSFER PROGRAM (IHA = 15C CEGREES)

: IF (V0OG2) 15, 533,533
533 v23CA

= SCKRIF(LCG2) - VS2GA
VI3TL = SQRTF(VLI3RL#*VI3RL + V1I3GL*VI3GL + V13ZL#*VI3ZL)
V23TA = SGRTF(V23RA=V23RA ¢ V23GA=V23GA + V232A#V231A)

GFP3 = (G2-THH)=»18C./PI
GET LCNGITULE BETWEEN 7CRO AND 36C DEGREES
GFP3 = GFP3 - 10R0. ’
IF (GFP3) &S, 70, 70
69 GFP3 = GFP3 + 360.
IF (GFP3) 69, 70, 70
70 GFIL = 180.%G1l/PI - 10R0.
IF (GFLL) 71, 72, 72
71 GFIL = GFlL + 360.
IF (GF1L) 71, 72, 72
72 GF2A = 180.+G2/PI - 1080.
IF (GF2A) 73, 74, 74
73 GF2A = GF2A + 360. _ : B E s
IF (GF2A) 73, 74, 74
74 PRINT SCC,TJL,CF1L,TJA,GF2A, vtaaL.v13GL.v131L.v13TL,v23RA.
1V23GA,V237A,V23TA,CV,RP3,GFP3 :
500 FORMAT(FELC,FT7.1,FB.0,FT7.1,8F8.3,F17. 3.F14 3.F7 1)
100 IF (PLA = 1.5) 4, 5, 5
4 TJL =4TJL + CT :
I =1+ 1 %
: IF (} - 16) 3, 6, &
& ETA = ETA + CT. .
ETL = ETL ¢+ [T
K =K+ 1
IF (K = 16) 2, 1, 1
5 TJA 2 TJA + CT
N N | -
IF (J = 16) 3, 7y 7
T ETL = ETL + DT
ETA = ETA + CT : :
Moo=V o+ ] _ ' ' ' o -
IF (M - 16) 2, 1y 1
__E_ND(lv1:01030|CrlnCuCt'OlOtoioiotc"

-
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TJL GF1L TJa afF28 V13KL
T2C. 732.3 1264C. 239.) 0.024
73C. 242.C 104C, 239.3 0.037
T4C. - 251.86 1C4C. 239.3 C.D3R
75C. - 261.1 cac. 239.3 ° 0,023
T6C. 270.7 1C4C. 239.3 =0.C12
TTC. 2BT,2 1C4C. 239.3 <0.050
TEC. 289.8 1040, 239.3 =0.092
T9C. 299.3 104C. 239.3 =D.137
#CCs 3CR.LY 104C. 239.3 =0.186
f1C. 31R.4 104C. 239.3 =0.247
£2C. 328.1 1C40. 239.3 =2.3(CH
£3Cq 337.7 104C. 239.3 =D.3¢vy
4. LT .4 104C. 239.3 =0.4P9
F52. 357.1 1240. 239.3 =0.622
| 1St £.9 If4C. 239.3 =C.PC29

FYPLRACLIC VELCCITY vECUIREL

TJL uF 1L TJa GF2a vI13kL
T3Ca 242.C, 1C50. 2464.6 C.026
Tale 251a8 105C. 244,06 C.03%
75C. 2b1.1 175C. 244.86 C.031
Tele 277,17 1C5C. 244.6 2.C11
TC.  2£0.7 1050, 244.6 =0.024
TRC. 2R3,.6 1C50. 244.6 <~0.0L2
T9Ce 793.3 1950, 244.6 =C.lf2
ECC. 222.9 | 135C. 2440 =N.l44
BI1C. 11R.4 105G. 244.6 =~0.192
E2C.  32A.1 1CSC. 244.6 =C.24AR
£3C. 337.7 1050, 244.6 =0.313
Fal, 347.4 109C. J44.t =7_39)
€50, 3I5T.1 1C5C. 244.€ =C.495
FeC. 6.5 1C5C. 24&4.& =-0.06372
ETC. 16.5 125C. 244.6 =2,A2R8

FYPERAULIC VELCCITY RECUIRED

TJL GFIL TJa° CF2a B ELT
T4, 2510 1C6C. 249.9 e.C27
159C. 2L1.1 176C. 249.9 D.032
T6la 270,7 1C&L. 249.9 N.C24
77C.  280.2 1C60. 249.9 =0.0202
TEZ. 2R9,.P 106C. 249.9 =(0.C36
79C. 299.73 1C60. 249.9 =-0.C72
pcc. 13ICR.9 1CE&C. 2493.9 =0.103
31, 31,4 1C&C. 249.5 =0.15%0
E2C. 32P.1 1C&C. 249.9 =-0.197
¥3C. 337.7 1CEC. 249.9 =0.251
E4Ce  34T.4 126C. 249.9 =0.315
E5C. 357.1 106C. 249.% =0.39¢
BeC. 6.9 1It6C. 249.9

=0.499

V13GL

-C.020
=C.0686
-C.063
=-C.CE9
=C.118
-C.113

=C.11C°

-C.107
~CelT}
=C.096
=C.CET
-Ce0T2
~L 4R

=C.210

{«857. .

V13GL

=0.C19
~L.C45,

=C.Co67
=L.794
=C. 125
=C. 104
={. 171
=-C.0O8
=G.C93
={«CRE
-(2CTS
=Ce™H%
-C.231

(Cl4

Z.L35

VI13iGL

=C.1C6
=CJ048
=Cal12
=C.049
=-L.{97
={.095
={.793
=C.CR9
-C.C83
—C.CTS
=C.Ch3
=C.044

=C.C13

Vi3ZIL

=C.045
C.116
0.C24
C.014

C.C09

0.007
€.006
c.oce
c.C05

«T05
C.CCS
C.005
.06
C.706
€.Co7

V132L
=C.18C
v.CbE
c.c217
C.r17
0.213
C.Cl11
C.C03
c.rog
c.ros
c.cce
c.coe
c.ooe
C.709
C.CI1C
U.C13

v137L
C.384
C.C5%
C.C29
c.020
C.Cl6
C.C13
c.c12
0.011
C.C11
g.c1c
C.C11
0.Cl1
c.Cc13

VIi3TL
C.055

C.13c

c.077
N.093
Culls
C.123
0. l“.
CalT4
C.213
0.261
c.32C
r.395
£.492
C.622
C.ALll

V13TL
D.186
c.087
£.079
r.C9¢t
N.109
C.121
C.las
C.175
0.214
0.262
0.322
0.397
0.49¢
C.£32
0.834

V13TL
C.399
C.0BC

C.081 .

0.101
C.1C5
C.120

C.lbdb

0.175
C.214
C.2¢2

c.322

C.398
C.499

V23RA
C.119
C.143
C.l7¢C
C.202
C.235
C.2%
C.238
Ca?41
C.24%
C.250
Ca254
C.259
C.264
C.268
C.272

V23RraA
C.122
Colat
C.175
C.2%e
0.225
C.22¢
Cszq
C.232
C.236
C.24C
Ce245
C.244
C.253
C.256
C.259

V23RA
C.125
C.151
C.1RC

T C.214

C.215
C.217
C.22¢C
C.224
c.221

T C.231

C.235
C.23¢
C.241

V23GA
=0.104
=0.128
=0.139
=0.16C

-0.180 °
-0.179

=C.179

=0.182

-D.I.Ql
=0.182
=D.184
=C.186
-0.189
=0.191
-C.133

V23GA
=0.117
=0.129
=0.145
=C.l166
=C.175
=C.175
=0.175
=0.176
=0.177
=Ce1T3
=C.180
=0.182
=0.18%
-C.186
-0.188

V23Ga
-C.182
-C.133
-Otlsl
=0.172
=C.171
=C.171
'0.’.?1
-C.l?l’
=C.173

-0.175

=-C.177
-0.178
=01 80

VZ3IA
-0.010
0.106
0.039
0.030

0.026

0.024
0.023
0.C22

© 0.021

2.021
0.020
2.019
0.019
0.018
G.C17

v23la
=0.109

0.069

0 - 0"!0
0.032
0.C28
0.025
0.024
0.023
0.Cc21
V.020
0.020
0.019
0.c17
0.C16

0.015

v23la
0.305
0.061
0.041
0.032
0.029
'0.026
0.024

0.023:

0.021
0.C20
0.019
0.017
0.016

V23TaA
0.158
C.219
0.223
0.259
0.297
0.297

. 0.299

0.3C2
0.3C6
0.310
0.315
0.320
0.325
C.330
0. 33‘

V23TA
c.2C1
0.2C7
0.231
C.269
C.286
n.2e7
c.289

. C.292
0.296 -

C.3C0
C.3C5
0.3C9
0.313
0.317
0.320

V23TA

0.377
C.210C
0.239

L0.277

C.277
0.278
0.28C

~Ce283

0.287
0.290
0.294

' 0.298

0.302

OV AT PERIHELION

DV AT

DV AT

0.106
c.108
Celld
0.1186
0.122
C.120
C.lle
O.11L
0.1C1
0.087
C.Co7
0.037
=0,0C7
=C.C78
=-C.198

PERIHELION
0.104
£.107
0.112
C.116
0.118
C.116
G.111
0.104
C.096
C.0RC
C.058
0.027

-0.C22

-C.L99

-0.235

PERIHEL ION
0.102
0.106
0.11C
C.115
Gellé
C.lll
J.106
0.C99
0.08¢
0.073
0.05C
0.Cle

=0.0386

RP3
0.907
C.B838
CG.T69
C.697
0.634
C.636
0.636
0.634
0.630
G.626
C.620
Cubl4
0.607
G.600
0.594

RP3
C.895
C.826
0.756
0.684
0.655
0.656
G655
G.652
C.649
ctb“.
0.638
0.632
C.626
C.620
C.616

RP3
C.B84
c.815
O.T44
G.673
C.675
0.675
C.674
0.671
0.667
0.662
0.657
0.651
C.646

GFP3
89.3
89.3
89.3
89.3
89.3
89.3
89.3
89.3
89.3

' 89.3

89.3
89.3
89.3
89.3
89.3

GFP3,
4.6
94.6
9% .6
94.6
9%4.6
9.6
94.6
94.6
9.6
94.6
94 .6
4.8
94.6
94.6
94.6

GFP3
19.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
99.9
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Fig. la. Oppositions of Mars 1965-1978.
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Fig. 1b. ' Conjunctions of Venus, 1970-1977.
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€ = | PARABOLIC ORBITS TO MARS

€ > 1 HYPERBOLIC ORBITS
TO MARS

€ < ELLIPTIC ORBITS TO MARS

i 95 EARTH
vy @—i .
g ORBITS WHICH DO NOT REACH MARS
CONSTANT V
‘ SUN
Ry = : Fig. 3a. The V= Vy plane.
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'EARTH'S ORBIT

MARS' ORBIT

| Fig. 3b. ' The orbital parameters of all possible orbits to Mars.
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"QUADRATURE POSITION
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T Fig. 4. The simplified approximate model.
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TOTAL VELOCITY INCREMENT IN MILES/SEC .
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0 100 . 200 ‘300 400 : 500 600 - 700 800 - 900 1000 1100
R, ' MISSION TIME IN DAYS
~ Fig. 6. Required velocity incrgment vs. total mission time ref, (12).
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<OPPOSITION
POSITION

 ORBIT OF VENUS

POSITION OF MARS
AT MONTHLY INTERVALS
~ AFTER OPPOSITION

— - &

ORBIT OF MARS

.+f6_.l

vl

Fig. 8. + An Earth—centered rotating frame.




TR ok s bR R S W8

A ol A o oo

129

OPPOSITION
POSITION

. ‘
.0 . ;
NUMBERS REFER TO THE TIME -
IN MONTHS AF TER OPPOSITION
MARS’ ORBIT =

Fig. 9. An Earth—centered inertial frame.
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Fig. 10. A Mars—centered rotating frame.
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Fig. 11. Bi-elliptical transfer to Mars. E o # , : .
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Fig. 12.. Atmospheric entry velocity vs. hyperbolic approach velocity.
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Fig. 13. 'Required velocity increment entering or departing a parking orbit vs. hyperbolic velocity.
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"Fig. 14. ' The lly. by maneuver.
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DECELERATION ZONE OVERSHOOT BOUNDARY

CORRIDOR WIDTH
UNDERSHOOT BOUNDARY
DESCENT
FOR LANDING :

EXIT FOR i

PARKING ORBIT s ¥y
"ATMOSPHERE: ; : '
NOTE: NOT DRAWN TO SCALE ;
. Fig. 15. Atmospheric broking corridor. - )



-
136
3
o
2.5} THRUST BRAKING

(CHEMICAL ROCKET)

Ml
[ R
o THRUST BRAKING
P (NUCLEAR ROCKET)
'.s A
= —— — —
' ATMOSPHERIC BRAKING
' % 3 _ - : | ) i ‘
R 0 Y , 0.2 : 0.3 035
: e g .. -(EMOS). : - Vn
'\.

Fig. 16. Mass ratio vs. hyperbolic approach velocity to establish parking orbit qi Mars.
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Fig. 18. Venus encouinter UpOl.l return from Mars, 1971-72, 400 day mission — 10 d‘ays on Mars. :
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SIMPLE MODEL

TIME IN YEARS

Fig. 200, Comparison of simple model with standard model o and ¢ vs. t for ¥y =8
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Fig. 20b. - Comparison of simple model with standard model p vs. ¢ for VY =0.1.
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