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ABSTRACT

It 1s the objective of this thesis to define the
mission for a manned expedition to Mars with the major
portion of the work being devoted to the selectlon of
the best interplanetary transfer. The approach used is
to develop simple approximate models in order to gailn
an understanding of the cowmplicated orbital mechanics,
make conclusions based on a studs of the simple models,
and verify the conclusions by accurate analysis with-
the electronlc computer., For round-trip missions of
about 400 days duration velocity savings over single-
elliptical transfer of about 3000 feet per second are
possible by making one leg of the trip a bi-elliptical
transfer. During every third opposition period it 1is
possible to 1ncrease the saving to about 7000 feet per
second by making the bi-elliptical transfer during a
close approach to Venus. The opportunity to perform
this mission will exist for several months during late
1970. Conditions will not be as attractive again until
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after the turn of the century. A method for analyzing
all practical free-fall interplanetary mission combina-
tions 1s presented. One specific mission for a manned
expedition to Mars 1s recommended together with alter-

natives. :
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CHAPTER 1

INTRODUCTION

N
The first attempts to place man into space outside

the profecting cover of the Earth's atmosphere have mgt
with such success that many manned space mlssions are now
being plagned. The current United States Aﬁollo program
has the objective of placing a man on the moon prior to
1970. Thé next logical mission in space after lunar ex-
ploration is the exploratioh of the planet Mars. The
study of the mission for man on Mars 1is the subject of
this thesis. The term "mission" includes the objectives
of the expedition, the operations to be conducted by the
crew during the flight and on Mars, the things to be
brought back to Earth,.the dates of departure and arrival
and the flight paths to be followed.

l.1 The Reason for Going

The primary reasons for man to go to Mars 1n1tia11j
are sclentific research and exploration. The possibility
that some form of l1life can or did at some time exist on Mars
makes it a particularly noteworthy target. Of all the

planets in the solar system, Mars is the only one suspected
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capable of supporting life save Earth and possibly Véngs.
The exploration of Mars may be the only way open for man
to establish the existence of extra-terrestrial 1life.

.Mars and Venus are the two planets most easlily reached
from Earth, Of the two, Mars offers the more attraétive
setting for man's next mission in space after lunar ex-
ploration, The surface of Venus 1s covered by a dense
yellow atmosphere which 1s opaque to visible light. As-
trpnomers have never had a clear view of the planet's
surface and consequently important‘parameters such as the
rotational period are in doubt. Recent measurements taken
aboard the Mariner spacecraft indlcate that the surface
temperature 1s several hundred degrees Fahrenhelt. In
gohtfast,'the atmosphere of Mars 1s transparent to Qisible
light and the surface has been studied by astronomers. An
excellent summary of the history of.this‘study has been made
by de Vaucouleurs.(z) '

_ Prior to the launch.of a manned 1interplanetary expe-
dition man will have placed optical telescopes in balloons,
rockets, satellites or on the surface of the moon that will

allow gﬁeater resolution than possible with present Earth-
]

mounted teleacopes that are limited by the distorting proper-

ties of the Earth's atmosphere. These viewling positions
will allow the telescope to gilve more and better information
about the Martian surface. The atmospheric pressure and

density at the surface of Mars is similar to that of Earth




at an'altitpde of 56,000 feet. Surface conditions in
general appear to make Mars quite adaptablé to a manned
mission.
The sciences having the most direct 1nteresﬁ in the
results of a manned expedition to Mars are blology, geo-
bhysics, astronomy and meteorology. The blologist is
interested in the possibility of extra-terrestrial life
on Mars. The geophysicist is interested in ¢1ll the physi—.
cal aspects of the planet. Having another planet besildes
'Earth to study firsthand can help uncover the secret; of
the origin of the solar system. ‘The astronomer has
studied Mars using telescope, sbectpometer and theory for
thousands of years. Firsthandlinformation to verlfy or
disﬁrove the theories would be invaluable to fhe sclence
of astronomy. Since the moon has no atmosphere Mars 1s
the eésiest'place to study extra-terrestrial meteorology:i
'Mars offers a model for the study of weather and climate
that is expected to be less complex than for Earth because
of the smaller size of the planet and the lesser amount of
water in the atngphere. An understanding of the meteor-
ology of Mars would help in the understanding of our —
more complex metecorologlical system. The volume of scien-
tific information avallable from a manned expedition to
Mars 1s immense.

Taylor and Blookley(3)have considered in detail the

reasons for man to go on space misslons 1lnstead of sending
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eﬁuipment alone. Even with the added difficulty of pro-
tecting the man from the space environment, man is the best
plece of equipment that can be found to do the Job. Despite
the arguments pro and con whether man should go, history
has proven that if he has the capability, he will go.

There are secondary reasons for going to Mars, The
foremost of thesé is the fact that the results of scientific

research have always lead to useful applications in society.:

- In many cases the results could never have been predlcted

at the onset of the research, It is the research itseif

that uncovers the useful application. Just the possibili-

ty of what might be found on Mars offers a reason for going.-

It 1s apeculétive but not impossible that some millions of
years ago Mars had a more abundant atmosphere and_higﬁer'
forms of life existed on thé surface. If so, then evidence
of thelr culture might be discovered and offer lessons for

our own. If Mars is capable of supporting life then it is

possible that Mars in time could be cultivated and even colo-

nized by man; The important quiftion iritially is to what
extent life can or did exist there, and the best way to
establish the answer 15 for man to go.

In 6rder that a manned expedition to Mars accomplish
its obJectives the crew mdst get to Mars, perform the plan;
ned scientific research and exploration, and return safely
to Earth. The work to be done includes running the ship.

This requires that the crew perform the functions of navi-

i
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gation, power plant control, maintenance, communication

and survival. The scientific research and exploration
work involves making measurements, gathering sanples,
taking pictures and mapping. . The detalls éf this work
will be determined by the "étate of the art" at the time

of the expedition in those sciences already mentioned as
having the most interest in Mars' exploration. (It 18 ex-
pected that once a telescope is placed above most of the
Earth's atmosphere there will be a major increase 1n.the
knowledge concerning Mars.) What will actually be accom-
plished on the surface of Mars will also depend upon what
the crew finds there. Like any scientific research, the
course of their work cannot be completely predicted before
it 1is started. - Probably the major question to be answered
is whether Mars was, 1s, or could be, capable of supporting
" 1ife at some tihe in the past, present or future.

1.2. The Work of Others

A number of proposals have been made suggesting spe-
cific mission profiles for a manned expedition to‘Marg.
Notable 1s the early work of von Braun(7{8) b has shown
with substantiat1ngrﬁalculations that the voyage is feasible
with present day propellants and technology. In Reference
(7) von Braun describes in detail an expedition of ten
vehiclgs ﬁanned by a crew of seventy, a very large under-
taking. In Reference (8) Ley and von Braun describe 1in

detall a more modest expedition of two vehicles manned by
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a crew of twélve. Both calculations are based on coplanar
circular orbits for Earth and Mars and both voyages go via
a Hohman trajectory taking two hundred and sixty days each
way with a walt time at Mars of four hundred and fifty days.
"Himmel et al(g)have csgéidered the controlling effect of the
rad%ation shilelding requirement 1n the mission planning and
ihave reébﬁmended a four hundred day expedition using a nu-
_ clear roéket. The welght of the paésive shielding alone
takes up over seventy tons of the allowed payload weight.
Recently a large volume of work has béen done on inter-
planetary missions under.the EMPIRE (Early Manned Planetary-
Interplénetary Roundtrip Expedition) program, initiated by .
the Future ProJjects Office of ‘the Nation%} Aeronautics and
Spaée Administration at the Marshall Space Flight Center,
Huntsville, Alabama. NASA has contracted several companies
to conduct studles of specific interplanetary missions. The
Agronutronic Division of Ford Motor Company(l)has studied
dual planet flyby missioné of the Crocco(S)and symmetric
types(l). These missions launch from an Earth orbit and
free-fall past Venus and Mars returning to Earth in a direct
'atmOSpheric entry. The Misslles and Space Division of
Lockheed Aircraft Corporation(u)has made an ex'ensive cr-
bital parameter study of orbits to both Venus and Mars as
well as single pianet aﬁd dual planet flyby missions. The
Astronautics Division of General Dynamics Corporation(G)has

studied 1nitial landing missions and assumes the use of
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thrust for veloclty changes at each of the terminals of
the interplanetary phase. Each of the Empire reports
represents work by a complete stqu group consisting of
several individuals.

Because of the large volume of work on different as-
pects of a mission tc Mars it would be Impossible fo make
reference to all of the literatufe on fhe subject. 'It
should be noted, however, that the author has found no men-

“tion in the Viveratice: Of GhHE specific missions suggested
in this work, namely trips to Mars via bi-elliptical trans-
fer or via a Venus encounter that includes a significant'
velociﬁy change near Venus.

l.3 Approach to the Problem

A manned expedition to Mafs will be a large under-
taking. The United States 1s presently planning to send
a man to the surface of the Moon afound 1967. The tctal
cost of the lunar expedition has beeﬁ estimated at approxi-
mately 40 billion over roughly @ Five-year period. This
averages é cost of about gL40 per year for eQery inhabitant
of the country. The technological advances resulting from
the lunar expedition can be applied directly to the Mars
.expedition, but 1t will still probably cost at least as
much to go to Mars as i1t will to the Moon. It cost were
the only factor a mission couldvbe chosen by selecting that

trip which minimized the cost. In the case of the lunar

expeditlon the United States 18 choosing the mission profile




with the motivation of‘getting there as soon as possible.
It 1s not realistic to assume that the mission will be
based on optimization of cost or any other factor alone.
It will depend on the unpredictable actions and decisions
of many different people up to and 1ncluding the heads of
state of the major powers of the world. Looking at the
United States Apollo program, similar decisions were based
not 6n a sclentific optiﬁization 5ut rather on the 1nformed'
opinions of responsible persons who still publically dis-

(10). In the case of

agreed after the decision was made
the Mars trip 1t does seem universally agreed that the
interplanetary phase of the trip, through one hundred
‘million miles of space, 15 the predominant consideration
in éstablishing tﬁe mission. Because of the long time of
flight of the interplanetary transfer in comparison with
the other phases, the major aspects of the'mission will

be determined by the 1nterplanetary‘fequirement. The
problem is still complex due to the many engineering trade-
offs lnvolved 1n the determination of the interplanetary
transfer paths. In order to obtain an understanding of
the total problem the author has attempted to make gross
simplifications of those aspects which are complex so thét
the major contributing factors are shown in clear perspec-
tive. An example of the application of this approach 1is
the simplified approximate model described in Chapter i .

There the complexities of the orbital mechanics are reduced
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to a crude linear model. Based on an understanding of
the crude model concluéions may be drawn and subsequent-
ly checked by more rigprous analysis with the aid of the
electronic computer. As verification of the value of
this approach thg savings assoclated with the bl-elliptical
transfer including Venus encounter missions (descfibed in
Chapters 7, 11, 12) were predicted solely by use of the
simplg model and prior to the use of the electronic com-
puter., The basic approach is to use simple models to
gain an understanding of the problem, then make conclu-
sions based on tﬁe simple model, and finally check the
conclusions by more rigorous analysis using the electronic

computer.

._1"

J!
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CHAPTER 2

THE ORBITAL GEOMETRY OF EARTH, VENUS, AND MARS

2.1 Units

The unit for interplanetary distance will be the
astronomical unit (afu.) and for planetary distance the
planet radius. Dates will be specgfied in Julian date.
Time intervals specif;ed in days refer to the terrestrial
mean solar day. When time 1s expressed symbolically in
an equation the unit 1is the)ferrestrial year (365;25 mean

solar days). The unit foﬁ veloclty 1s the Earth's Mean

Orbital Speed (EMOS) which is equivalent to 2w a.u. per

‘year or about 100,000 feet per second or 30 kilometers

per second or 18.6 miles per second.

2.? Major Aspects

B The majof aspects of the orbital geometry for Earth,
Vénua, and Mars are shown 1in Figures la and 1lb. The op-~-
position positions of Earth and Mars are_given through 1978
and the conjunction positions of Earth and Venus are given
for the period 1970 through 1977 in a sun-centered inertial
frame. The orbit of Venus is quite circular (€ = .007),

that of Earth 1s approximately circular (€ = .017), while
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the eccentricity of Mafs' orbit (€ = .093).13 sufficient to
cause its radial distance from the Sun to vary as much as a
quarter of an astronomical unit. Aphelion,<, and perihelion,
n, for Earth, ®, Venus, 9, aqd Mars, dﬂ are shown together
with the first point of Aires,?". The ascending node, db ,
of elther Venus or Mafs is shown as.the point-on the orbit
where the'planet crosses the ecliptic plane from south to
ﬁbrth. The deécending node,lf , 1s displaced by 180 degrees
‘from the ascending node. The orbital inclinations of 1051'
for Mars and 3°2u' for Venus while small are important con-
siderations in an orbital transfer. The polar. obliquity
of Mars (214.o - 250) is about the same as that of Earth glv-
ing rise to a simllar cycle of seasons. To a first approxi-.
mation the northern hemisphere of Mars celebrates summer 1in
the part of the sky where Earth celebrates wintep. An op-
position of Mars which occurs near perihelion is a favorable
opposition since at that time Mars 1is not only closest vo
the Sun but also élosest to the Earth.. The next favorable
oppositioh can be seen to occur in 1971. -The favorable
oppositions due in 1986 and 1988 are not shown. If they
were -shown in Flgure 1 they would straddle the 1971 opposi-
tion. The most favorable oppositilons occur.when Mars 1is
near its maximum distance below the plane of the ecliptic.
Similarly the least favorable opposiéions occur when HMars
"1s near 1its position of mdximum distance above the plane

of’ the eclliptic.
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2.2 Synodic Periods

The relative positions ot Earth, Venus, and Mars will
-Be important in the work to follow. The easlest way to
visuallze these re;gg;ve positions 1s to show the relatlve
times of Mars' oppositions and Venus' conjunctions. The
orbital period of Mars 1s 687 days (the term “day" will
refer to the "terrestrial mean solar day"). The orbital
period of Earth 1is 365 daya. This causes the synodic
period,lthe time betwéen successive oppositions, to be
about 780 days. The orﬁital period of Venus 1s 22, days
qausing the synodic perilod between successive conjunc;ions
of Venus to be about 580 days. Considering the paths of
" the planets around the sun as a racetrack, Earth overtakes
Mafs at each opposition, and Venus-overtakes Earth at each
conjunction. Thése events are plotted on .a time scale in
Figure 2 for the years 196&-1980. Since Venus 1s the
fastest of the three planets 1t overtakes both Earth and
Mars. Since Mars is the slowest of the three, Mars 1s
overtaken by Venus more oftqp than Earth 1is overtaken by
Venus. The period between successive allignments of Venus
and Mars 1is about 340 days. These events are also plotted

in Figure 2 and will be referred to later.
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CHAPTER 3

THE ORBITAL PARAMETERS OF ALL POSSIBLE TRANSFER ORBITS

3.1 The Planet-Centered Coordinate Frame

Defiﬁe a planet-centered reference frame with x-axis

pointing radially 6utward from the Sun through the planet

in the plane of the planet!s motion. The y-axis is in
the circumférential diréction also in the planet's orbital
plane, The z-axis is_perpendicular_to the planet's or-
b1§a1 plane and completes a right-hand orthogonal set.

For a planet in circular orbit the Sun 1s fixed on the
negative x-axis ahd the velocity vector 1s along the posi-
tive y-axis. When veloclty components are specifiled at
-a planeﬁ they will almost always be 1in this reference
frame. | |

3.2 Loci of Constant Orbiltal Parameters o

If a spaceship is to follow a free-fall_trajectory
‘"between two planets then specification of the time of
launch and the time of arrival 1is sufficient to uniquely
determine the trajectory. The time of launch fixes the
position of the launch planet at launch and hence deter-

mines the four coordinates 1in space and time of the launch
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event. Similarly, the arrival date fixes the four co-
ordinates of the arrival event. The difference between

the times of arrival and launch determines the time of
flight and this is sufficient to select a unique orbit.
In a similar manner, the specification of any two inde-
pendent parameters of the transfer orbit will determine
a trajectory between two glven planets. By choosing
two of the initial velocity components of a spaceshlp
as independent variables 1t is possible to express all
the parameters of ali possible orbits between two planets
as a function of these two componenps of the initial
‘launch ve}ocity. Lociuof constant orbital parameters
can then be shown graphically.

' The method described here 1is similar to a method

(1) ana carried out by Dugan(la).

suggested by Vertregt
Vertregt's suggestion was to plot all the possible or-
bits on an eccentriclty versus semi-latus rectum plane.
Dugan constructed these plots assuming circular coplanar
orbits. He then used the plots as "working charts" to
develop curves for round-trip mission planning. The
method described here is considered an improvement be-
cause 1t displays the information 1n a manner more useful
for mission planning and can also take lnto account the
orbital inclination and eccentricity in a simple manner.
Furthermore, the present method can be directly applied

to the problem of palring two interplanetary orbits which .
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have a common terminus. This will be discussed in Chapter
11. In order to fix ideas the method will be applied to
free-fall transfers between Earth and Mars.

3.3 Free-fall Orbits from Earth to liars

This example assumes a circular orbit for Earth. The
ellipticity and orbitai inclinaﬁion of Mars are handled by
looking at trajectories that terminate at a few representa-
tive points on the true Martian orbit. All the orbital
parameters except the out-of-plane velocity increment will
be determined assuming coplanar orbits. The out-of-plane
velocity increment will be added vectorially to the compo-
nent in the Earth's orbital plane to obtain the total veloc-
ity increment. The V&, V& plane will be the x-y plane_
described in Section 3.1 with axes calibrated in veloclity
units. Plot the projection of the velocity of an inter-
planetary space vehicle relative to the Earth after escape
as a pﬁint in the ﬁk, V& plane. ._Any possible free-fall
orPit is represented by one point on the plane. If the
radial distance of Mars at érrival is specified, all orbits
which do not reach Mars lie in one region of the plane.

This region can be separated from the region containing all
orblts which do reach Mars by the locus of those orbits

which arenjust tangent to the orbit of Ilars. See Figure 3a.
Of the orbits which do reach Mars, the'@uny orbltal charac-

teristics can bc displayed by plotting the locus of orblts

having the same value of the orblLal parameter of 1interest,

B e et s e g o el e T A g e
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A few of the more important parameters are now discussed.

3.4 Constant Launch Velocity, V_'

The launch velocity relative to Earth is ind.cative
of the fuel required for the trip to Mars. These curves
plot as circles about the origin. V is the projection
of the total velocity increment on the Earth's orbital

plane and does not yet include the out-of-plane component.

2 L2 _ | Yy -
v,2+ V2= P oo . (3.1)

3;5 Constant Orbital Period, T, or Semi-major Axis,-a

These orbital parameters depend on the velocity rela-

tive to the Sun and plot as circles about the point V& #‘0,-

v = -1. ot
v.2e 4+ (v, + 1)2 = 2a - 1 (3.2)

T = (.2:1)3/2 | -l (3.3)

3.6 Constant Angﬁlar Momentum, h, or Semi-latus Rectum,p

These orbital parameters depend only on the tangential

velocity and plot as vertical Straight.lines.

1+V,=h = (3.4) -
(1+v)2=p=n? s (3.5)

f
3.7/ Constant Eccentricity, €

The eccentricity is given by Equation (3.6)

2 2 2 2
€ =1+ [V,°+ (1 +IV&) -2) [1+ V&] (3.6)

For Vi and_V& small the locus 1s a two by one ellipse




e B S, Ut b

i . 17

about the origiln. The € = 1 locus 1s a circle about the

Vg

liptical and hyperbollc orbits. If V.= 0 then ¢ = Vk.

=V, - -1 point. The € = 1 locus separates the el-

y
3.8 Orbits which reach Mars

The criterion for reaching Mars is that the aphellion
radial distance from the Sun be greater than the radius of
the Martlan orbit, rs, at arrival. The locus of orbits
which just reach Mars can be plotted from the ¢ and p loci

that satisfy

1l -¢

Tg = {3.7)

Because the radial distance of Mars varies considerably
throughout its orbit the loci will be graphed for séﬁeral
“values of Ty The minimum value at perilhelion, the average
value near the line of nodes, and the maximum value at aphe-
lion are sﬁf}icient to show the effect of eccentricity in

a simple model. Each value of r » corresponds to an arrival
at Mars at a specific point in the Martian orbit. |

3.9 Constant Time of Flight, B

The time of flight to reach Mars is one of the more.
important parameters. For elliptical orbits two loci will
go.through each polnt since there are two possible crossings
of the Martian orbit, The expression for the time of flight

= depends in part on the type of orbit. These expressions
are given 1n Reference (12). I‘or the hyberbolic orblts,

for example
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3/2 T A
te = Eéi‘ [T, -7, - (simh ¥, - sinh 73)] (3.8)
- where
7& = arc cosh (EEE)
'ré = arc cosh (2%26) )
g

3,10 Constant Heliocentric Trip Aagle, ©

For elliptical orbits there will be two © loci through
- each point since there are two possible crossings of the
Martian orbit. For a hyperbolilc brbit the locus 1s given
by Equation (3.9). For the elliptical orbits there are
sign changes to make EduUzation (3.9) applicable.

p-rg 1 '
rdvf) - arc cos (E‘;—) | {3.9)

e = [arc cos (

3,11 Constant Configuration at Launch, ﬂt_

The launch configuratlion angle is the heliocentric
angle between Mars' radius vector and the Earth's radius
vector at launch. See Figure 3b. This parameter sets
the launch date relativé to the current opposition date.
It is important for determining the date of a launch op-

portunity or the duration of a launch window.

P =0y - © (3.10)

where QM = the hellocentric angle measured from Mars' radius

vector at launch to Mars'! radlus vector at arrival.
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3.12 Constant Configuration at Arrival, &,

This paraﬁeter gives the angular orientation of Earth
and Mars at the complefion of the trip to Mars. It 1s
the hellocentric angle between Méfs' radius vector anq the
Earth's radius vector at arrival. This parameter sets the
arrival date relative to the current opposition.' It is
probably the ﬁost important parameter for round trip con-
siderations because 1t reprgsents the end conditions with
which one must start to plan the return trip. It also
glves the orientation of Earth and Mars at the start of
the exploration phase which 1s important for communication

requirements.

g, = 2nt, - @ (3.11)

3.13 The Out-of-Plane Velocity Increment, Vz

The out-of-plane veloclity increment is given by

B z(} + V)

= T4y sin © {3:.12)

The distance, z, of Mars above the ecliptic plane at arrival
i1s determined by the cqrrequnding value of rge The rela-
tionship can be seen in Figure 1. The maximum positive
value of z occurs near Martian aphelion and the maximum
negative value of z occurs near perihelion. VZ should be
added vectorially to V and a total velocity locus plotted

to show the net effect of the orbital 1nclinat10nwon the
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total veloclty requirement{

3.1ls Velocity Increment at Mars

Because of the possibility of using atmospheric braking.
at Mars the expression for the required velocity increment’
could be complex.. A simple bound is given by the case using
only thrust braking and the case using only atmospheric brak-

ing. The velocity increment at Mars can also be visualized

by plotting all of the contours on the arrival planet's Vi,IV

V& plane. _ |

There may be other 1mportant'parameters_to be considered
but the point 1s that they can all be represented as loci on
some v&,'vy plane. To consider fhe round trip the eame
cufves are constructed for orbits starting in the vicinity
of Mars and proceedihg to Earth. It is possible using a
large scale with light colored lines to present all or sev-
eral locl on one chart. The equatlons presented_are-based
on a simplified two-body representation but the device des-
cribed 1s adaptable to the presentation of the same informa-
tlon deduced from more accurate models;. The advantage qf
the device 1s that all possible orbits are displayed and at
a glance all properties of any proposed orbit may be deter-
mined. Further, the direction and magnitude of the velocit&
increment to accomplish the_particular orbit 1s apparent.
All combinations of flyby and stopover missions may be ana-

lyzed ‘by pairing inbound and outbound velocity vectors at

the destination planet.
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CHAPTER L4

THE SIMPLIFIED APPROXIMATE MODEL

.1 The Need for Simplicity

Because the closed form analytic solutions of many
problems in-celestial mechanics are difficult or impossible
to develop, recourse 1s made to a digital combuter.  Once
the computer is used the basic understanding of Fhat is
going on becomes confused in graphs and tables. As an
aid fo mission planning it appears desirable to have a
- model that'permité a simple visualization of complex or-
bital characteristics and gives at least approximate nu-
merical results without requiring a computer solution. In
Reference (13) the author developed such a model in connec-
tion with the problem of orbital rendezvous. The model
expresses the position and velocity of a freely-falling
spaceshlp as a function of time and initial conditions or
as a function of time and the,d?gital parameters. The‘
model shows the first order effects of ellipticity and or-
bital plane inclination. Transfer between sun-centered
and planet-centered coordinate frames both inertilal and

rotating 1s simple and the effects of orbital maneuvering
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can be visualized in the several frames even though the
numerical results are approximate. The model 1s too

crude for accurate trajectory selection but it 1s extremely
ﬁseful for the demonstration of complicated orbital chérac—
teristics and optimizations und.er limiting conditions. Op-
timizations too complicated to be developed'rigorously(lh)
can be done relatively easily using the model. One such
example 1s given in Appendix C. In those cases where op-
timizations have been done rigorously (bﬁ-Lawden(lu)q?
Long‘lS) for example) the conclusions using the model have
been substantilated.

L.2 The Model

Define an Earth-centered frame (x, y, z) and a Sun-
centered frame (p, @, z) that rotate with respect to in-
ertial space at the rotational velocity of the Earth around
the Sun. The X, y, p and @ measurements are made in the
Earth's orbital plane. See Figure L. The z coordinate
measures the distance above or below the Earth's orbital
plane. For units use the astronomical unit (a.u.) for
distance, the radian for angle, the year for time, and the
Earth's Mean Orbital Speed for velocity.® At time t = O
a vehicle leaves the Earth at E with a velocity relative to
the Earth given by the components Vk, V& and Vz. At a
time f years later the vehicle 1s freely falling in the
Sun's gravitational field at point P with coordinates X,

Y, and z or p, @ and z, If P 1s close to E then the

%*
Note that one EMOS = 27 a.u. pe. year. The rationalized velocity
unit is chosen to avoid the 27 factor.

y
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résults derived in Appendix A give the coordinates of P approxi-
mately by Equations (4.1).
X = st + rv

y

¥y Ve *ql

b 4
z = SVz | _ (4.1)
where: q=qt) = 4sin 27t - sm"
T = r(i;:) = 2 - 2cos 2mt
8 = s(t) = sin 2mt ‘

Equivalently, if p <1 a.u.

p=1+st+r\V

p 4
¢ = - er + qu | ' (4.2)
Lz = sz-

Because theJdistance from E to P is not always small compared
/ with the distance from the Earth to the Sun the values of the
coordinates are crude. The accuracy is discussed in Appendix B.

The equations are, however, sufficiently representative of the orbital

mecbanics to be of great value“in mission planning. The charts out-




2

lined in Chapter 3, for instance, can be sketched using
only slide rule calculations. The numerical results are
approximate but the orbital characteristics can be easily
visualized.

u,jl Visualizations

The results of velocity components in the three direé-
tions are visualized simply. Referring to Figure 5, V
alone gives rise to a 2 x 1 elliptical path. ' V& alone
glves rise tb a cycloid-1like motion when viewea in this
rotating frame. A V& velocity componené_is four times as
effective as a Vi component in producing an x-displaqement,
‘but 1t cabries with 1t a stronger y-ﬁisplacement, and the
times to fealize the maximum displacements are different.
Vz.alone gives a simple harmonic motion above and below
the plane of the ecliptic. In general the motion will
consist of all three components. Since q, r, and s are
runctidns of time only, the edﬁations are a simple linear
set when t 1s specified.

_ It should be noted that positive V, and V& velocity
components cause the vehicle to fall behind Earth while
negative Vk and V& components cause the thicle to run
ahead of Earth. Since a round trip will require that
the vehlicle return to Earth, the total y displacement
must sum to zero (or a multipie of 2m). Consequently

traJectorieg cannot be chosen without concern for the y

motion.

e
e

e —
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In this model a planet in a coplanar, circular orbit

will move along the 1line:

x = constant; z =0 _ (4.3)

and will have a velocity given by:

X 0

y=-2x (L)

This shows that Earth overtakes the outer planets such as
Mars and in turn 1is overtaken by the inner planets such as
Venus. The orbits of Venus and Mars are shown in Figurz U
as they would appear in this frame assuming circular orbits.

L. Relative Velocity at Arrival, v,

To determlne the veloclty of the spaceshlp at arrival
relative to a planet in circular orbit, differentiate Equa-

tions (4.1) and subtract (L.l4)

v c 2s \'/
ax 1 X
= S
v, -3 c 2 (4.5)
y
where ¢ = ¢(t) = cos 2nt

A simple matrix transforms the launch velocity into the -
arrival veloclity.

In order to study the orbits which return to Earth

from space let V and Vy be the velocity components of

Smce Equations (4.1) were obtained in Appendix A by a direct integration
there is no additional approximation here.
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- the vehicle relative to Earth at arrival instead of launch

énd let time run backwards, i.e. replace t by minus t in

all equations. Equation (4.5) will then give V; as the
velocity of the vehicle relative to the launch planet (in ‘
circular orbit) at launch. To visualize time running

‘backwards in Figure S merely proceeé iﬁ:the direction op-

poaité tq the.arrowa,

L.5 Orbital Inclination and Eccentricity

Orbital inclination and eccentricity in the case of
Mars cause the pgth of the destination planet to have a
-alight slope 1n.this frame relative to the path of a planet
in coplanar, circular orbit. Because of the orbital in-
clination the z of Mars can vary from -.04)y to +.054 a.u.
during its two-year orbit. Because ofhthe orbltal eccen-
tricity the x of Mars can vary from .38 to .67 a.u. The
actual values of x and 2z at arrival will be determined by
the daté of arrival. Because of round—trip considerations !
the arrival date is almost always within a few months of
the current opposition date: This means that it 1s only
necessary to substitute the x and z of Mars near the current
cmposition date to compare the effects of different opposi-
tion dates on the launch velocity.
ly.6 Superposition : : ,)

€3

As a consequence of the linearity of the simple model,

the result of two independent velocity increments applied

to the vehlicle at different times may be deduced by adding
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the results of each increment applied separately. Ir
velocity Vl 1s applied at time tl.and velocity, Vé is
applied at time t,, then the resulting motion for t>t,

is given by

"
]

s(t - t )V, + r(t - t.)V, + s(t - t,)V, + r(t - t,)V
73, 3 1y i 2 2y

-r(t - t,)V, + q(t - t,)V, =-r(t - t,)V, + q(t - t,;)V
0 L 1771y al'e, | 272,

b

s(t - tl)v1z + s8(t - t2)v2

(>
n

N
n o

z | o (4.7)

The use of the superposition concept 1s more valuable as a
visuaiization aid than it i1s to deduce Equation (4.7).

The results of the first velocity increment caﬂ be con-
sidered as the motion of a fictitious vehicle which only
made one veloclty change. The results of the second veloc-
ity increment can be 1nterpréted as the motion of the true
vehicle relative to the fictitious vehicle. The sum of
the two results glves the motlon of the true vghicle_rela-'
tive'to the Earth. Each individual result can be visu-
aliied by réference to Figure 5 as before. This concept
will be useful in the discussion of bil-elliptical transfer
in Chapter 7.

L.7 Other Uses of the Model

Besldes its application to mission planning the model
can be useful wherever visualization of orbital character-

i1stics 1s desirable. As mentioned earlier, 1t was originally
o i :
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adapted to the problem of orbital rendezvous(IB). The
model is also useful.in,the study of navigational correc-
tions. Stern(lgjhas developed an analytical expression
for any mid-course velocity correction. The model de-
scribed here allows a visualization of the effect of those
corrections. It also offers a quick approximate check

* of any results derivednfrom more accurate models.
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CHAPTER 5

THE ROUND TRIP

5.1 .  Conditions Necessary to Go

In order that man can go to Mars he must have a
vehicle capable of taking the necessary payload to the
destination and back. If the vehicle 1is an impulse-
type rocket then the requirement can be expressed by two
curves. One 1s the velocity increment required*for the
mission as a function of the total mission time and the
other is the welight of the required payload as a function
of the total mission time. For some total mission time
the vehicle must be capable of imparting the velocity in-
crgyef to the corresponding payload weight,

x&ﬂngequired vélocity‘inérement curve 1s obtained in
_this manner. First, represent all the possible orbits
to Mars and back in some convenlent_manner (such as that
outlined in Chapter 3, for example]). ‘Second, select a
total time for the mission and choose from all those orbif
pairs that give the selected total time the oné7pair that
gives the minimum ré&hired veloclty increment. w':lll‘t\h this

required veloclity increment and total mission time ploﬁ

%*
For this analysis the velocity increment required is the sum of the

velocity increments at all four terminals of the interplanctary transfers.

et it bl
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one point of the curve. This procedure has been carried out

(12) (16)

and Johnson and Smith for orbits which start and

By Dugan
terminate in close circular orbits about Earth and Mars. Both
works assumed circular,- coplanar, orbits about the Sun for Eartﬁ
and Mars. Dugan's results are shown in Figure 6. The character-
istic shape can be seen to have relative minima near 450
days and 1,000 days. Decreasingthe total trip time below <50
ciayé requires an ever increasing velocity increment.

The payload '\'»veight curve is obtained by considering the weight
ol the crew and their equipment including all the items necessary
for life support outside the protectiné cover of the Earth's atmos-
.here.' The major contribution of the weight of the payload appears
to be the radial.tion shielding for the crew. The weight requirements
foz: péssive shielding have been studied by Wallner and Kau.t'ma.nu?)
a!id the best figures availabl» are only estimates bécau_se of the basic
lack of knowledge about both the existing solar radiation and man's

tolerable dosage. Kash and Tooperua)

have indicated the possibility
of major weight reductions through the use of active shielding

but the techniques are far from developed. Because of the unknown
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information abou’. the major contribution to the weight

-

of the payload the curve 1is estimated by bounding lines
shown.in Fiéure 6. The maximum slope 1s near one month;
The increase 1s due to the increased weight of shielding
necessary to provide protection from a major solar tlare.
The probability of encountering such a flare_ét some time
during the trip increases rapidly if the trip time 1s
greafer than one month. The question of how to shield
against the possibility of a glant solar flare 1s largely.
a'conchture at_this time. Also, little is known about
the shielding requirements tor equipment such as the elec-
tronic components. The weight ot food, oxygen.aﬁd water
is estimated at about 15 pounds per man per day. In general
the slope 3111 be greater than this value because the weight
of the reQuired shielding also increases with time, It is
possible to have a negative slope‘as the time of flight
gets extremely short 1f the power plant is of the nuclear
type. The increased thrust requirement tor very short
missions increases the radiation from the engine. If the
engine does not offer a radiation hazard then extremely
‘'small payloads are required for very Qhort duration missions.
_ Becaﬁse the interplanetary vehicle discussed above will
have to first be boosted into an Earth orbit, its initial
welght 1s a controlling factor. The easlest and conse-
quently the first capability for mam to go to Mars will be {
with the lightest vehicle that meets the_requirements of
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the two curves.

For an impulse type rocket assuming infinite staging:

¢ 1ln

N

AV (5.1)

5

where:

Av

velocity increment given the payload

exhaust velocity of the propellant

o
]

X
n

initial weight of the rocket

wf = final weight of the rocket.

Rewriting Equation (5.1)
clnwi=&v+clnwf - (5.2)

Assume that wi and W, are continuous functions of the

mission time, tm. For a relative minimum:

Ay c Ve
e i g = O (5.3)
2 tn .wf m
For the comparison of any two relative minima (pﬁ“any two
missions) designated 1 and 2, the first will be the true

minimum 1if

Avl'sz { e¢ln W‘g‘ (5.4)

Set ¢ at 30,000 ft./sec. which 1is a nominal value for a

nuclear rocket. The first rocket capable of taking man
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to Mars will .probably be a nuclear rocket. The conditions
of Equafion (5.3) and (5.4) can now be used with the curves -
of Figures 6 and 7 to;select the mission that givés the mini-
mum vehicle weight. This occurs with a mission time of"
around 40O days. Therefore the easiest and hence the first
capability to go at all will involve a mission time of a-
round 400 days. Faster trips are more desirable from al-
most all viewpoints except the velocity reqﬁired, so it 1s
concluded that the actual mission will be 400 days or less.
The figures to reach this conclusion are obviously approxi-
mate but in any case it appears that they Justify the use

of phe branch of the required velocity curve in Figure 6

to the left of the 450 day minimum.

. For all miséions taking less than 450 days an increase
;n the stay time at Mars causes an increase in the required
total. velocity increment. For the 400-day mission Ref. (12) shows
this is about 300 feet per 3econd per day at Mars. For the
minimum velocity,trip there 1s relatively little choice.
Stay time on Mars will have to be near 450 days or there
i1s no advantage ;n résorting to thls type of tri) for the -
manned mission. In termshg{/a "scram" capability, the
short misslons can depart Mars prior to the planned time
with less fuel than anticipated for the mission. The longer
missions must remain at Mars 450 days or else expend more
fuel than was planned for the mission.

Several types of continuous-thrust englnes are now
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appearing as poésible competitors to the impulsive-type
rocket(ao). A curve analogous to the velocity-increment-
required curve could be developed for a continuous-thruét
engline. However, éince the continuousr-thrust engines are
in an early stage of development the 1lmpulsive-type rocket
will almost certainly be the first to offer a manned Mars
.capabiiity. B g a continuous-thrust engine 1s to compete
it will have to offer the capability of a L00-day mission
or less. '

The conclusion drawn here 1s that man cannot go to
‘Mars until the capabllity exists.- Once the capabillity
exists man will probably go to Mars with as srort a mis-
sion time as possible. °~ That missilon timé will be about
uod days'.dufation or less, \

5.2 Discussion of the Conclusion

The analysis of Section 5.1 is crﬁde. The fact
that the payload weight curve 1s not well bounded 1is not
too serious because the criteria for a minimum depends
more on the slope, and the slope can be estimated within
a tightef pound than the curve itself. The assumption
that all veloclty changes will be accomplished with thrust
is'a poor one because the use of atmospheric braking at
either terminal can afford welght savings, Atmospheric
braking will be discussed further in Chapter 9. The
assumption of a nuclear rocket 1s critical. The -optimum

mission time depends directly on the exhaust velocity of
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the rocket prOpellant._H'if the nuclear rocket is not
available and chemical rocketé (¢ £ 10,000 fp./sec.)
must be used,‘then the optimum mission time by the analy-
sis ﬁf Section 5.1 will be loﬁger unlesslthere is some
 %_“&# to feduce the réquired velocity. |
Theré are other'reaaons why shorter missions are

desirable besides the decreased payload weight. One
major factor 1s the effect of the long mission durationh
on the crew. A year's flight in a space capsule could
be compared to a year in prison. The history of avia-
tion has shown that man's inherent ;mpatience has continu-
ally caused him to develop faster and faster aircrart.:The

raffic on airlineé indicates that man 1s_w1111ng to pay
a higher fare 1in order to reach his destination in less |
time. A fas£er trip to Mars would mean lower durability
.and réliability réquirements on the equipment. From prac-
tically all viewpoints, except the velocity increment re-
quired, shorter trips are to be desired. Since favorable
launch opportunities come about every 780 days the results
of a_longer mission would not be avallable for application
to a new trip for over four years. The results of a shorter
_mission would be available for use during the ﬁgxt::yans-»~
season", s

The discussion of this Chapter shduld introduce the

nature of the many trade-offs involved in this study. While

an analytical method is presented for choosing an optimum
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mission time there are subjective arguments for deviating
from the optimum. In summary, it is concluded that if

the nuclear rocket is available, the easlest capability to
.gO'to Mars will be with a mission time of hQO days or less.

The analyses in this Chapter and Chapter 6 are based

on single-elliptical transfers between Earth and Mars. The
conclusions which are drawn are needed to introduce the
newer concepts of bi-elliptical transfer and transfer via
Venus. Consequently the statements made in these two

chapters do not necessarily apply to missions of the latter

type.
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CHAPTER 6 ‘/

PATHS IN SPACE

6.1 An Earth-centered Rotating Frame

The orbital characteristics of round-trip missions to

Mars are visualized most easily in an Earth-centered or a

‘Mars-centered coorq;nate frame. Figure 8 shows the motion

of Mars relative to the Earth-centered frame described in
Chapter 3. Mars appears to rotate clockwise with a period
of about 780 days. The position of Mars 1s shown at month-
ly_intervals before and after oppositionﬂ Each pair of

trajecéories that represents a point on the curve of Flgure

-6 can be plotted in this frame.  The opportunity for exe-

~cuting the mission represented by any one polnt occurs only

once everylf80 day period. These missions fall into two
basic types. The minimum velocity mission 1s shown by a
dotted line in Figure 8 and represents one type. It is seen
that the ..ajor portiqn of the mission 1s spent on Mars while
Mars 1s distaqt from the Earth.' The other type of mission
arrives at Mars close to the Opposition position. This type
includes all the missians of less than 400 days' duration.
All these missions arrive at Mars between the two quadrature

§
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positions. A typical mission of this type 1s 1indlicated by
a solid line in Figure 8. For a circular Mars' orbit and
a given total mission time the total velocity increment 1is
a minimum when the arrival at Mars 1s displaced elther side
of the opposition position. The total veloclty increment
does not change much when ihe arrival positibn is varied
either side 6f the minimum. Becauée of this insensitivity
.to time of arrival the arrival date can vary elther slde of
the opposition date by as much as one quarter of the round-
trib__@_ravel time with less than 15% velocity penalty. This
allows the arrival point at Mars to be shifted away from
the opposition positiqh towards perihelion and thus take
advantage of the decreased radial distance from the Sun.
Tqis result can also be used to palr orbits so that the
out-of-plane component'does_not constitute a pénélty. This
means that a typical mission will probably arrive at Mars
on the perihelion side of the current opﬁosition but in
aﬁy case not further from opposition than the quadrature
position. '

6.2 An Earth-centered Inertial Frame

Figure 9 shows the position of Mars relative to an
.Earth-centered frame that is non-rotafing with respect to
inertial space. Position 1s indicated at monthly inter-
vals before or after opposition. The minimum velocity
mission is indicated in the Flgure by a dotted line. Again,

this mission requires the crew to remain at Mars for 450
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days. The conclusion concerning the manned mission to
Mars appears obvious when the motlon 1s observed in this
frame. For fast missions to Mars it is easlest to visit
near the opposition positioh. In this frame'all'the mis-
sions of less than L4OO days arrive at Mars inslde a flat
15° cone about the position of Mars at opposition. '

6.3 A Mars-centered Rotating Frame

Figure 10 shows the position of Earth relative to a
Mars-centered frame which rotates so that the Sun has con-
stant direction. The position of Earth 1s indicated at
monthly intervals before or aftér opposition and the m%piw
mum velocity misslion 1s shown by a dotted 11ne.. The launch
date from Earth and the return date to Earth are indicated
by the position of Earth at either time relative to the
opposition. while Figure 8 shows the major etfect 65
changing the arrival date at Mars, Figure 10 shows the
major effépt of changing the 1aun¢h or return date at
Earth. For a glven total mission time a change in the
date of Earth launch must be accomplished by a change in
the date of Mars arrival or there will be an increése in
the required velocity increment. The many trade-offs.are
best evaluated using the charts suggested in Chapter 3 where
all the parameters of all the possible orblts to Mars are
displayed together.

Figurec 8-10 are drawn assuming circular orbits for

Earth and Mars. The true orbits will bring the planets

i e . s S £ b i b, T A
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closer or further apart than shown dependipg upon_the op-
position date. '
6., The L,00-Day Trips

“If the mission time is constrained to be about 40O
days, thé mission profile that uses the minimum total
velocity increment looks very similar to the one shown by
_-the solid line in Figure 8. Theagoing préjectdry iaunchea
with a velocity relative to Earth that 1s pointed almost
Id;rectly toward the Sun. As shown in Figure 5, this causes
the vehicle to go towards the Sun and ahead of' Earth before |
‘going out to intercept fhe Mars' orbit. The time ot flight

to Mars is about 240 days. In a Sun-centered, inertial

frame the hellocentric trip angle would be about 270 degrees.-

As shown 1n Chapter Y4, this 1s an uneconomical way to get
to Mars, but it is chosen because 6ne of the two halves ot
the round trip must'get ahead of Earth if the éxher half
gets behind. 'This.aSpect of round-trip mission planning
is what makes 1t so'complex in comparison with interplane-
tary trips which only go one way. |

Other observations trom Figure 8 are that the space-
ship never gets further than one astfonomrcal-unit from
the Earth and during f'avorable oppositions could be kept
within a half astronomical unit. The point of closest
approach to the Sun occurs at a distance which is appqpxi-
matgly equal to Venus' orbital radius.

Similar observations can be made for the reciprocal

i iz i B PN W
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mission which uses the shorter transfer for the outbound

.leg and the longer transfer for the inbound leg.
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CHAPTER 7

BI-ELLIPTICAL TRANSFER

T.1l Possible Savings through Bi-elliptical Transfer

The following observations are made baséd on the
slmple models already presented. Low energy transfers
to the outer planets are character;zed by the fact that
.the spaceship falls behind Earth while low energy trans-

" . fers to the inner planets cause the Spaceéhip to run
ahead of Earth. The manned mission to Mars will probably
be accomplished with a mission duration of about 40O days

or less, Missions of this duration which use two single-

elliptical transfers require the use of one uneconomical

-trénafer in order to get ahead of Eérth. By starting a
B trip to Mars with a low energy transfer toward Venus, the
spaceship will run ahead of Earth and ®e in a positioh
for two low energf transfers, first to Mars and then back
to Earth. The reciprocal mission 1s also possible by
making a low énergy transfer to Mars with a'bi-elliptical
transfer.on return. |

The above argument in favor of a bi-elliptical trans-

fer may be Justified on more-rigorous grounds by considering

" /--.‘.hﬂ’-‘;«:%m.u-‘ -
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Figure 11. Suppose that:E'nM is the optimum slngle-ellipse

21
transfer to Mars for some round-trip misslon. Barrar( )

has glven analytical proof that transfer by two impulses,
one at E and one at n, is always more economical than a o o
single impulse transfer at E' to achleve the orblt nN.. In
addition the EmM transfer will place the spaceship farther
ahead of Earth at arrival than the E'mM transfer. It i85
true that the.EnM transfer wili have a longer flight time
than the E'nM transfer but this can be pabtially'made up
on the return trip by virtue of the more favorable distance
ahead of Earth on arriving at Mars,

T.2 Analysis

The simple model is already equipped to handle bi- ;
eliiptical trénsfer by virtue of the superposition prinelple"
explained in Section L.6. The approximate coordinates of
‘the spaceship are given by Equations (4.7). The effect ¢
of each individual velocity increment can be visuallzed
uaing_Figuré 5. It is possible to minimize the total veloc-
1ty increment under any set of constraint conditlions by using
the model together with the Calpulua of Variaticons as in
Appendii A. The method 1s straightforward but 1t requires
the splution of a simultaneous set of equations of high order
‘for most realistic constraint conditions.

In the analysis of a single-elliptical transfer between
Earth and Mars 1t was pointed out that the specification of

a launch date and an arrival date was suffilclent to uniquely
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determine a trajectory between the two planets. In the
case of a bi—elllpticai transfer the number o? possible
pa1r§ of ellipses for a given launch and arrival date is
infinite. Furthermore, the cholce of the ellipses involves
several trade-offs. - To make the required launch velocity
increment a minimum the angle ESm (see Figure 11) should be
near 180 degrees. To make the time of flight a minimum
the angle ESm should be as small as possible. Similarly,
'thg angle mSM should be near 180 degrees for minimum veloc-
i1ty relative to Mars at arrivgl.but as small as pos;ible
_for a short time.of flight. In order to make comparisons
between tﬁe two types of transfer 1t appears desirable to
-fix the configuration of_the bi-elliptical transfer so that
the Specification of a launch and én arrival date will u-
niQuely determine a trajectory. To this end, assume
throughout the analysis that.the two ellipses Emx and nM
have a comron perilapse at =. Now 1f the angle mnSM is spe-
cified, the choice of a launch date and an arrival date is
sufficient t§ determine a unique bi-elliptical transfer.
The  velocity relative'to Mars at arrival 1s directly related
to the size of the angle mSM. If this velocity 1s to be
dissipated by means of atmospheric braking then the chouice
"of the angle mSM will depend directly on the limitations
imposed by drag braking in the Martian atmosbhere. In ad-
dition to offering fuel savings at launch bi-elliptical

transfer gives the mission planner control over the arrival
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- velocity at Mars making 1t possible to fully exploit the
use of aﬁmospheric braking at Mars. Atmospheric braking
will be discussed in greater detail in Chapter 9. Once
the desired arrival velocitﬁ at Mars 1s selected the aﬁgle
nSM 1s chosen to give approximately that arrival velocity.
Specification of the la@nch and arrival date will now give
a unique bi-elliptical transfer which can be compared with
the conventional, single-ellipse transfer corresponding tq
the two dates, | |

; 4
7.3 Advantages of Bi-elliptical Transfer |

The fuel saﬁing afforded through bi-elliptical trans-
fer 1s very great if drag brakes can dissipate high approach
velocity at ﬁars without heavy weight penalty. It makes |
possible the full utiliza£1on of the soft Martlan atmosphere
to terminate a fast economical transfer to Mars. Even with
thrust-braking at both Mars and Earth the technique still
offers 3avings over the best pair of single—ellipt;cal
transfers of'eduivalent mission duration. .The saving 1is
the largest for mission durations of 400 to 500 days. Bi-
ellipéical transfer will always provide a trajectory at
least as good as single-elliptical tfansfer because the
latter 1s the limiting case of the former when the mid-
course veloclty increment approaches zero. The fact that
the bil-elliptical transfer allows 1ndepen&ent ad justment
of the terminal velocities in both magnitude and direction

1s important. Many of the best single-elliptical missldns
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in 1971, for instancé, launch almost directly into the Sun.
This factor could be a distinct disadvantage during early
tracging from Earth-fixed observatories. An additional
fuel saving 1s possible in that the first navigational cor-
rection and the second orbital transfer can both be made in
one thrust maneuver. |

7.4 Planetary Environment

One factor that limits the gains anticlipated with bi-
elliptical transfér is that the second orbital transfer 1s
accompliShed while beﬁond the influence of any planetary
gravity. As shown in Chapter 8, the planetary environment
-allows a Velocity increment measured relative to a planet
to préduce a greater than one to one ratio velocity change
wheﬁ evaluéted relative to the Sun after planetary escape.
In crude terms, it "costs" more fuel to generate a velocity
change when distanﬁ from the planetary environment. This
means that.thé bi-elliptical transfer would be evéh more
effective 1f the second orbital transfer could be accomplished
.during an encounter with Venus while en route to Mars. By
making a small velocity change clouse to Venus at high veloc-
1ty_and low potentlial energy, a large brbital energy change
. Will be generated to place the spaceship 6n a trajectory
to Mars. 'The disadvantage of this type of mission 1s that
it requires a specific orientation of Earth, Venus and Mars,
the synodic period of their relative positions being about

six'years. Because of the timing requirement the bi-
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elliptical transfer to Mars via Venus encounter will Dbe
treated in Chapter 11 as a three-legged mission of single-
ellipﬁical transfers. ' Ehe Venus encounter mission 1s
mentioned here primarlily because it was concelved as an

extension of the bi-ellipticai transfer.
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CHAPTER 8

PLANETARY ENCOUNTER

8.1 Analytic Model

The analytic model for the planetary encounter assumes
a planet-centered, inertial, reference frame. The only
force assumed to be acting 1s due to the planet's gravita-
tional fieid.- All 6rbital fransfers are accomplished by
impulsive velocity changes. This 1s consistent with con-
ventional patched-conic trajectory analysis. -

There are three basilc manéuvers that will be of interest.
The first maheuver 1s the direct descent from a solar orbit
-at effecfively an infinite distance from the planet down ‘
to the top of the planet's atmosphere via hyperbolic trans-
fer. Tﬁe direct ascent from the top of the planet's at- |
mbsphere to escape from the planet's gravitational field
via hyperbolic transfer.is considered as the same basic
maneuver. The second maneuver 1s the transfer into or
out of a circular parking orbit from an 1nf1n1te distance
via hyperbolic transfer, The third maneuver 1s a flyby
of the'ﬁlanét with a velocity impulse applied at the point

of closest ar.roach to the planet. \ The inbound trajectory
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and the outbound trajectory are both hypefbolas witﬁ a
common periapse.

All three maneuvers involve hyperbolic trajectories
and in each case the velocity increment will be accomplish-
ed by a thrust impulse applied at the perlapse of the hyper-
bolic path. In practice the thrust increment cannoé be
applied in an exact impulse at the exact perlapse positidn.
Zee(?z)has reported an introductory investigation into the
errors assoclated with the assumption of impulsive thrust
application. He indicates that the assumption of impulsive
thrust willl give results sufficlently accurate for mission
plannf%g.

The unit for distance in this analysis will be the
planet radius. Velocity will continue to be expressed

in EMOS units. The following quantities are defined for

the analysis of the three basic planetary-encounter maneuvers.

r_ = the radial distance of the pericenter of the
hyperbola from the center of the planet.
V_ = the velocity of the vehicle relative to the

T
« plznet at the pericenter of the hyperbola.
Vh = the hyperbolic épproach or departure velocity

of the vehicle relative to the planet after
escape from the planet's gravitational field.
V, = circular satellite velocity at the planet's

surface.
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V. = circular satellite velocity at the radial

S
distance, Toe
VE = escape velocity at the radial distance, Toe
§ = the angle between the vectors V, and V.
AV = the velocity increment applied at the perilapse.

the eccentricity of the hyperbola.

a = the semi-major axis of the hyperbola.

p = the semi-latuS'rectum-of the hyperbola.

In the case of the flyby maneuver the subscript I or .
0 will be added to.refer the parameter to the inbound
~or -outbound hyperbola; respectively.

8.2 General Hyperbolic Motion

The main parameters of the hyperbolic motion which
are needed in each of the_basic planetary-encounter ma-

and § . The parameter, r_, can

neuvers are V., V&, r »

14
be convenienyly'expressed in terms of the circular satel-

lite velocity, V., at that radial distance by

Vb, the circular satellite velocity at the planet's surface,

1s a constant for each planet and is given below for Eérth,

Venus and Mars.




