Chapter 10
INTERPLANETARY TRAJECTORIES

1. FUNDAMENTAL DATA

Chapter 1, Sections 7.1 and 7.2 and the tables in the appendices describe
the scene of operations in travel between the planets of the Solar System.

Of the planets, Mars and Venus are the most easily reached, according
to energy requirements. Mars presents a much simpler landing problem
than Venus since not only is its mass less than one seventh that of Venus,
resulting in a much weaker gravitational field to overcome, but surface
conditions are not nearly so rugged.

Voyages to the other planets, except Mercury, are orders of magnitude
more difficult to accomplish.

A number of terms frequently used in describing interplanetary con-
figurations are illustrated in Figure 10-1 in which E is the Earth and S is
the Sun. The letters V and J refer respectively to an inferior planet (one
that orbits inside the Earth’s orbit) and to a superior planet (one that orbits
outside the Earth’s orbit).

A superior planet on the observer’s meridian at apparent midnight is
said to be in opposition (configuration SEJ ).

A planet whose direction is the same as that of the Sun is said to be in
conjunction (configurations EV,S, ESV,, ESJ,); an inferior planet can be in
superior conjunction (configuration ESV;) or in inferior conjunction (con-
figuration EV,5).

The angle the geocentric radius vector of the planet makes with the
Sun’s geocentric radius vector is called the planet’s elongation (for example,
configurations SEV, or SEJ,). It is obvious that an inferior planet has
zero elongation when it is in conjunction and maximum elongation (less
than 90°) when its geocentric radius vector is tangential to its orbit (con-
figuration SEV,). The elongation of a superior planet can vary from zero
(configuration SEJ,) to 180° (configuration SEJ,). When its elongation
is 90° it is said 1o be in guadrature (configurations SEJ, and SEJ;). These

306

Sec. 1] Fundamental Data 307

&
b
A T W e p
s
Vs
Figure 10-1

]

quadratures are distinguished by adding eastern or western; in the diagram
the north pole of the ecliptic is directed out of the plane of the paper so that
Js and J; are in eastern and western quadratures respectively.

The diagram has been drawn for coplanar, circular orbits; the actual
planetary orbits are ellipses of low eccentricity in planes inclined only a
few degrees to each other so that the terms defined above are obviously
still applicable.

Another useful concept, the synodic period S of a planet, was defined in
Section 8.3.7 and may be taken in the present context to be the time
between successive similar geometrical configurations of planet, Earth and
Sun. If T, and Ty are the sidereal periods of revolution of planet and

~ Earth about the Sun respectively, then

_l__ 1 1

S T N
for an inferior planet, while
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for a superior planet.
These relationships are derived for circular, coplanar orbits and there-
_forc apply only approximately to the Earth and any other planet in the
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Solar System. The mean synodic periods for the planets are given in
Appendix 111 : .

2. THE SOLAR SYSTEM AS A CENTRAL FORCE FIELD

The dominant gravitational field of the Sun, due to its mass being over
one thousand times that of the most massive planet, means that in space
a few million kilometers away from any planet, a vehicle moves in a gravita-
tional field closely resembling that of a simple central force field, namely,
the Sun's, in which the intensity falls off as the square of the distance
from the Sun. The formulas and conclusions of Chapter 4 and those sections
in Chapter 8 devoted to transfer in a single force field may therefore be
used with a high degree of confidence in the study of interplanetary transfer
operations.

Near the planets, at distances from them given approximately by the
sphere of influence argument, there exist regions where the force fields of
both planet and Sun are present in comparable intensities, and for precision
studies, the special perturbation methods of Chapter 6 must be used,
though in many feasibility studies, the approximate methods sketched in
Chapter 8 can be applied with confidence. That this is so may be seen by
studying Tables 10.1 and 10.2 and also Figure 8-13.

In Table 10.1, values of the radii r, of the planetary spheres of influence
are given in millions of kilometers, in astronomical units, and in fractions
of the planets’ mean distances from the Sun, the figures being computed
by using formula (5.70), namely,

where m and M are the masses of planet and Sun respectively, and rp is
the planet’s semimajor axis. The consequence of the fall-off in intensity
of the Sun’s gravitational field with distance from the Sun is evident on
comparing the sizes of the spheres of influence of Earth and Pluto (of
comparable mass). The latter sphere is over thirty times as large as the
former and, in fact, is two thirds as extensive as Jupiter’s though the mass
of Jupiter is about three hundred times that of Pluto.

The more flexible sphere-of-influence argument of Section 5.12 giving an
outer and inner boundary led to the graph in Figure 8-13, where a shell
about a planet could be defined for any accepted degree of perturbatien,
showing the range (namely, the thickness of the shell) over which special
or general perturbation methods had to be used. Table 10.2 gives, for two
values of |¢|, the boundaries of the shells about the planets in which such
methods would be called for if perturbation ratios greater than [¢| were not
acceplable.
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TABLE 10.1

RADIUS (r,) OF SPHERE OF INFLUENCE

PLANET
MILLIONS FRACTION OF
OF : PLANETARY ORBIT'S

KILOMETERS SEMIMAJOR AXIS AU.
Mercury 0.112 0.00193 0.000747
Venus 0.615 * 0.00569 0.00411
Earth - 0.925 0.00619 0.00619
Mars 0.579 0.00254 0.00387
Jupiter 48.1 0.0619 0.322
Saturn 54.6 0.0382 0.365
Uranus 520 0.0181 0.348
Neptune 86.9 0.0193 0.581
Pluto 340 0.00574 0227

The figures in Tables 10.1 and 10.2 should be taken as merely giving the
orders of magnitude of the spheres of influence, sizes. It should be re-
membered too that the ‘“‘spheres” are only approximately spherical.
Nevertheless, the information embodied in the two tables and in Figure
8-13 does show how the planets in the Solar System can be divided into
two classes where feasibility studies are concerned. In the first class are
Mercury, Venus, Earth, Mars, and Pluto (also the asteroids); in this class
the use of the formulas of a central force field—according to the methods
of Chapter 8—in feasibility studies should be expected to yield fairly
accurate data for interplanetary missions even when perturbation shells
are neglected. For precision studies, of course, special perturbation methods
within the shells must be used.

In the second class are the giant planets Jupiter, Saturn, Uranus, and
Neptune. Feasibility studies of missions involving these planets, especially
the f:u'st two, that neglect the perturbation shells about these bodies, will
provide, at best, orders of magnitude data about transfer times and energy
budgets and cannot give real information about the actual orbits of vehicles
once they have approached to within the outer shell boundary. Precision
studies, of course, can always be carried out for these bodies.

3. MINIMUM ENERGY INTERPLANETARY TRANSFER ORBITS

By assuming the planetary orbits to be coplanar and circular, the formulas
of Chapter 8 may be t_lsed to give information about energy requirements
and transfer and waiting times that are of the right order of magnitude:






