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TRAJECTORY DESIGN FOR PLANETARY MISSION ANALYSIS
Stanley Ross*
ABSTRACT. A brief survey of current and very recently
disclosed work on trajectory design for planetary mission
analysis. Topics covered include researches on the Venus-
swingby mode; flyby missions past Jupiter to the planets
beyond; solar probes which employ close approaches to
Jupiter or Venus to favorably modify their trajectories;
application of major impulsive maneuvers during planetary
passage, or during heliocentric mission phases; and a
recently proposed composite flyby-lander mode for Mars
exploration. Also discussed are some mission-oriented
computer programs which are used to generate planetary fly-
bys automatically; which automatically plot trajectory
parameter contours; and which automatically perform com-
plete mission and systems tradeoff analyses.
Trajectory Design for Planetary Mission Analysis is a subject which
traces its modern evolution from the late 1950's, and mirrors its
growth in the writings of Lawden, of Ehricke, of Battin, of Edelbaum,
of my colleagues Breakwell and Gillespie along with me, and of many
others who, during the intervening years, have helped to set the
analytical and computational framework for a great emergent body of
technical literature devoted to the analysis of plar&ary missions.
I will not attempt today to present any sort of complete introduction
or historical background to the subject beyond that which we will
touch upon in passing. Instead, I would prefer to have the present
paper serve as a sort of informal survey of current work in this
area, and to cover a number of studies either still in progress or
else very recently completed. You will note, in several instances,

my references to current works which may not have been published as

yet, or which may be scheduled for delivery at meetings which have
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yet'to occur. I have sampled these studies, hoping to whet

your interest in what other investigators are doing and in what they
themselves are soon to present in much more complete treatments.

If you find any of the subjects of interest then, you will have the
opportunity of hearing the detailed presentations when they are more
fully described by the individual authors. I would like very much
to acknowledge the kind cooperation and the courtesy extended

by these individuals; the release of as yet unpublished information
on their private researches represents to me a true indication of
the genuine spirit of scientific cooperation which has been extended

to us by them.

The labors of several of my colleagues and myself during the years
of 1962 and 1963, and of the group at J.P.L. under Clarke during the
same period resulted in the publication of a series of volumes
comprising two planetary flight handbooks (1, 2), one devoted to the
planning of manned flyby and landing flights to Mars and Venus, the
other to ummanned probe missions to these same planets. Together,
these handbooks blocked out and charted what we then considered to

constitute all worthwhile mission areas for flights to the two near-

est planets during the rest of this century. But the picture v

suddenly changed with the disclosures by Hollister (3) and by Sohn (4),

in independent and almost simultaneous works, that the strong
synodic fluctuation in mission requirements for fast round trips to.

Mars could be greatly reduced by employing close approaches to Venus




enroute, causing its mass to modify nominally unacceptable
ﬁfajectories to our favor (Fig. 1). Almost immediately, widespread
attention was focused upon the "Venus swingby mission" (as Sohn
called it), and results of subsequent studies by Sohn himself and by
Deerwester were soon forthcoming. Sohn's note (5) examined some
representative swingby trips applied to nonstop as well as stopover
missions over a span of years between 1970 and 1999 and firmly
established the feasibility and the desirability of employing this
mission mode. Deerwester's paper (6) embodied two important contri-
butions, the first of which was his exhaustive exploration of two
sample swingby opportunities, and the second his method of graphical
presentation of the results which makes them compatible in format
with the direct flight curves presented in the NASA Planetary Flight
Handbook, SP-35. Using this manner of presentation it is possible
to match homebound swingby trajectories with direct outbound flights
and vice versa, and to then analyze complete missions on a common
graphical basis (Fig. 2). Deerwester's study, which iﬁ addition en-
compassed representative missions from other launch year opportuni-
ties, confirmed what Sohn and Hollister had stated earlier: namely
that in many instances the Venus swingby trips would require con-
siderably less initial mass than would be associated with equivalent
direct trips, especially so in many of the '"unfavorable years," when
the Martian orbital eccentricity serves to make short, direct
flights prohibitive by raising terminal speeds beyond reasonable
limits. The swingby trips generally involve only modest terminal

speeds, they are not unduly long in their execution and they do not



require navigational capabilities any more severe than what in any
event would be required to return a crew capsule to Earth at the

termination of a Mars mission.

Now, possibilities for employing the Venus swingby mission are bound
up quite intimately with the orbital geometry of the three planets
involved. The eccentricity of Mars!' orbit leads to significant
variations in trajectory requirements, further complicating the phys-
ical problem and virtually precluding any sort of serious attempt
to formulate a generalized theory of such missions. So, while
studies of specific groups of trajectories, such as the ones men-
‘tioned above, can serve to demonstrate the feasibility of such
flights, it still remains for the execution of a comprehensive, de-
tailed study of the entire time period of interest to produce the
quantitative data necessary to locate all trajectories which might
be profitably exploited. With this in mind, Gillespie and I have
been attempting to investigate and to catalog all useful swingby
trajectories, both outbound and homebound, for the remainder of the
century. We have to date generated some two hundred thousand of
these trajectories and expect to present the results of our studies
in complete detail next January (7). In this connection, I would
like to briefly summarize a few of our conclusions here. To begin
with, the planets Earth, Mars and Venus have a composite periodicity
of about 6.4 years, as is well known. Therefore, the characteristics
of trajectories which involve these three planets will also (at

least qualitatively) experience a similar periodicity. Within any




6.4 year period, it turns out that only three each of a possible
total of seven outbound and seven homebound swingby opportunities
warrant serious study (Fig. 3). Further analysis has shown that one
group of these three, which we call Type I swingby trajectories,
involving total trip times of the order of 600-650 days, are
virtuélly impracticable in almost every case because of the rela-
tively high terminal speeds involved and, further, because of the
fact that many of even these trajectories would have to pass beneath
the surface of Venus to produce the required amount of planetary
bending of the passage hyperbolas. In only one case, that occuring
during the 1974 outbound launch opportunity, were we able to locate

even a small group of not unreasonable swingby trajectories of this

type.

A second group of trajectories however, which we refer to as Type III
swingbys, appears to hold great promise during every opportunity

in which these trips are to be found. The Type III swingbys involve
trips of 500 to 550 days' duration and almost always aré associated
with tolerable speeds of departure and arrival. The third and last
group of worthwhile trips, which we refer to as Type V swingbys, are
only marginally acceptable and even then only in some years can we
find reasonable cases. Generally speaking, these trips involve
total mission times of about 450 days or more in duration,

although the speed requirements for Type V swingbys are about

as low as one can find in Hohmann trips between Earth and Mars. A

number of detailed contour maps pertinent to these trip types will



be presented in the forthcoming paper mentioned above, and we hope
also to include as a new volume within the SP-35 series (8) a
complete set of contour maps and accompanying numerical tabulations

of all swingby flights for the remainder of the century.

However, Venus swingby missions have not solely occupied the atten-
tion of planetary mission analysts during recent months. Gaining
confidence in the capabilities of present and near-term systems,
analysts have recently been turning their attention to the study of
flights which involve the outer planets. During the course of a
detailed systems study on missions to Jupiter and selected asteroids 9),
Deerwester compiled tables of direct-flight trajectories to

Jupiter and to the two asteroids Ceres and Vesta, valid for the

timé period between 1970 and 1980. Contours relating to

these flights, as well as numerical data sﬁpporting the contour

maps, are contained in another volume of the Planetary Handbook series,
SP-35, which is scheduled to appear shortly (10). Increasing
attention also has been turned toward the use of Jupiter's very

large mass in producing deflections of vehicle trajectories so that,

in some cases, they would pass still other planets, such as Saturn,
Uranus, or Neptune; or, in other cases, they might approach the Sun
very closely; or, in still other cases, their*paths might be

deflected out of the ecliptic plane. In one such study recently

completed, Flandro quantitatively investigated Jupiter flybys to
Saturn, to Uranus and to Neptune (l11). He concludes that the latter
part of the next decade, between 1977 and 1980, abounds in interesting

multiple planet opportunities because of the similar heliocentric




longitudes of the outer planets during this time period. For,

since a trajectory to Jupiter will be of comparatively long dura-
tion by itself, it is important that any additional mission segments
beyond it be reasonably direct and not add appreciable time to the
total flight; hence the importance of the relatively close alignment
of the outer planets with Jupiter. Flandro's sensitivity studies on
launch velocity requirements show that the best opportunities for
missions past Jupiter to Saturn occur during 1979, and that the most
favorable opportunities for trips past Jupiter to either Uranus or
Neptune also occur during 1979. Many of these trajectories eventually
escape from the solar system after passing the final target. The
most favorable launch opportunity for trips past Jupiter to Pluto,
on the other hand, occurs slightly earlier, in 1977, according to
Flandro's results. One of the highlights of his study is the
spectacular trajectory which he located passing Jupiter, Saturn,
Uranus and Neptune all on a single flight (Fig..aj, the total trip

time being under eight years.

In some of Deerwester's most reeent work (12) there was also con-

ducted an investigati~n of missions past Jupiter to the planets

beyond it. Deerwester confirms Flandro's conclusions that the most
favorable opportunities for such flights will occur in the late

1970's and he also points out that such favorable opportunities will

not occur again for quite some time because of the relativeiy long

mutual synodic periods among the outer planets (Fig. 5). 1In still another
study (13), Niehoff also investigated the use of Jupiter's gravita-

tional perturbation for sending probes to Saturn. He again



concludes that favorable opportunities for such flights will present
themselves in the late 1970's. Niehoff also discusses the use of
Jupiter for performing gravity-assisted solar probe missions. He
recognizes the long trip times (up to three years in duration)

which are inherent in this method, but points out that when missions
to within 0.1 AU are considered, it appears that the only route
available using conventional propulsion systems is via a Jupiter
flyby. Moreover, Niehoff notes the ideal velocity requirements

with Jupiter's gravity assist are almost the same whether one wishes
to go to 0.1 AU or, in fact, to impact the Sun. The use of Jupiter
for solar probe missions is also discussed at length by Porter, Luce
and Edgecombe (14), whose conclusions agree with Niehoff's, although
a sensitivity study conducted in Ref. 14 shows that these total
mission times could be reduced to slightly over two years if one
were willing to pay the penalty of increased propulsion beyond the
minimum-energy value for trips to Jupiter (Fig. 6). A very detailed
study of solar probe trajectories via Jupiter was also conducted
recently by Minovitch (15), who presents tabulated flight parameters
pertaining to such trips during the years between 1967 and 1978.

One further point in connection with the use of trajectories past
Jupiter is the possibility of using it to perturb trajectories out
of the ecliptic plane for scientific observations which require the
probe to reach high celestial latitudes. In Ref. 14, Pérter, Luce
and Edgecombe explore this possibility and discuss two different

types of Jupiter flybys out of the ecliptic plane, the first




involving a perturbation which rotates the plane of the probe's orbit
perpendicular to the ecliptic after the encounter with Jupiter,
while the second deflects the post-encounter orbit in such a way

as to maximize the component of spacecraft velocity normal to the
ecliptic plane (Fig. 7). Therefore, although the former type of
trajectory will pass directly over the Sun, the second type will
generally pass further out of the ecliptic plane at its point of
maximum heliocentric latitude. On this subject also Minovitch (15)
presents a large amount of detailed numerical data on launch oppor-
tunities and trajectories for out-of-ecliptic probe missions via
Jupiter during the years 1967 through 1978, these particular
trajectories all involving post-encounter inclinations of 90 degrees.
As Porter, Luce and Edgecombe (14) point out, a minimum-energy orbit
to Jupiter can be deflected to produce a post-encounter orbit inclined
only somewhat beyond 23 degrees to the ecliptic plane. Launch velo-
cities for probes whose trajectories are deflected perpendicular to
the ecliptic plane must therefore assume values beyond minimum
energy values to Jupiter. In a similar connection, Minovitch points
out that the planets Mars and Venus can be used to deflect probe
orbit inclinations to values of about 10 to 15 degrees from the

ecliptic plane.

One further point in this connection deserves attention and this is
the fact, as Niehoff argues, that during many different types of
missions past Jupiter the vehicle spends a good deal of the flight

within the confines of the asteroid belt. Although, as he remarks,
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this places the spacecraft in a potentially hazardous enviromment,
nevertheless, many experiments designed to obtain data on asteroids
could be conducted during the flight as a secondary objective of
the mission. This point does in fact comprise the subject of a
paper to be presented shortly by Bender (16) in which he suggests
that such asteroid encounters might deliberately be sought in the
planning of manned missions to Mars. Recognizing that the predicted :
positions of many asteroids may have larger uncertainties than the
closest distances desired, he states that any search for close
encounters would only be expected to yield a list of most-likely
candidates for encounters, such as are shown in Figure 8, taken
from his work. The final determination of such possibilities will
probably require new observations of the candidates and a corres-

ponding improvement in our knowledge of their orbits.

Returning now to the use of close flybys of the planet Venus, this
time in order to improve solar probe performance, I should like to
mention the recent paper by Casal and myself (17) in which we
attempted to improve the projected performance of Venus-flyby solar
probes. We discussed a special class of such missions on which the
probe is made to pass Venus twice, each passage of Venus further

reducing the perihelion distance attained. The double passage is

performed by forcing the vehicle to follow an initial solar orbit
and a post-Venus-encounter orbit, both of whose periods are commensurate

with the orbital period of Venus itself (Fig. 9). In this way, a

10




missed encounter with Venus would still provide further opportunities
for flybys each time the relative commensurability of the probe's
orbit and Venus' orbit brings these bodies into close proximity.

Using such a mission profile, we found that, using an Atlas/Agena/X259
or an Atlas/Centaur/X259 combination,* either 600 or 1100 lbs.
(respectively) of gross spacecraft weight could be injected onto

an orbit which would, in 1=1/2 to 2-1/2 years, reach within 0.2 AU

of the Sun. The Saturn IB/Centaur could be expected to deliver 6000
lbs. to this distance and, by using a Pershing upper stage on top

of this combination, we might expect to bring the same 600 lbs.

mentioned above to within about 0.1 AU from the Sun.

Not only the Sun but even Mercury could serve as the eventual target
for a Venus flyby mission. A fine paper by Sturms and Cutting (18)
was devoted to just such a study. They concluded that under certain
assumptions they might expect a payload of about 1150 lbs. to be
delivered to Mercury by an Atlas/Centaur combination. This figure
is in good general agreement with the payload estimates made by
Casal and myself in the study previously referenced. The paper by
Sturms and Cutting concentrated primarily on the navigational require-
ments for a particular mission in 1970 to Mercury via Venus. In

it they found that the mission could be accomplished with existing
Earth-based radio guidance techniques, the probe executing planned
correctional maneuvers at about six days after injection; about six
days prior to the Venus encounter, and at about eight days after the

Venus encounter, the total rms. requirement for all three maneuvers

*The X259 (Antares) is a storable solid kick-stage.
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being estimated at approximately 69 meters/second. From this they
concluded that the engineering feasibility of the Earth-Venus-Mercury

mission studied had been established.

One extra bonus involved in passing any planet, I should note, is

the fact that quite a good deal of useful information about the fly-
by planet itself could be obtained during the flyby maneuver, although
the skills of the spacecraft designer and experiment integration
specialist would be challenged by the requirement for providing a

set of payload packages able to function in two distinctly different

enviromments (17).

A detailed study of missions to Mercury by way of Venus was performed
in Niehoff's paper (13), the study having been aimed primarily at
defining trajectory and mass tradeoff requirements for the missions,
as contrasted with the paper of Sturms and Cutting mentioned earlier,

which was principally concerned with navigation and guidance require-

ments for such missions. Figures presented in Niehoff's paper

describe the tradeoffs among close approach distance at Venus, total
trip time to Mercury and departure velocities required for the trips
(Fig. 10). Niehoff also compares Venus flyby modes for Mercury missions
against equivalent direct flights, considering Mercury to be either

at its aphelion or at its perihelion point and, in so doing, he brackets
the performance estimates for such flights. As an example of the energy
savings forthcoming from the Venus flyby mode, Niehoff states.that the
minimum ideal velocity required for the direct trip to Mercury at
perihelion differs from an equivalent trip using an intermediate

Venus flyby by some 2700 ft. per sec. velocity requirement in

favor of the latter flight profile. With the gravity assist from

Venus, Mercury can be reached in 170 days with ideal velocity of

‘about 41,500 ft. per sec.; for this mission the Atlas/Agena
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launch vehicle has a payload capacity of 580 pounds, while the
Atlas/Centaur could provide a payload of 1900 pounds. One set of
conclusions seems to be forthcoming from all three studies mentioned,
viz. (13, 17, 18), and that is that gross spacecraft weights of the
order of 600 pounds and of about 1500 pounds seem reasonable esti-
mates for performing various missions within the Earth's orbit

using currently available booster combinations.

Now, as regards the application of impulses during flyby maneuvers,
this question has interested quite a number of analysts during the
past few years. Perhaps one might, as I did originally, feel fhat
there should be missions on which the vehicle's performance could

be substantially improved in some sense by the application of

thrust impulses at some advantageous point during the passage of

an intermediate planet. However, my own experience in this matter,
which was admittedly a rather superficial one conducted as part of

a larger study about two years ago, led to the conclusion that on
round-trip flybys passing Mars or Venus, since we were in most cases
operating in regions close to minimum terminal speeds, there was no
appreciable gains in either departure or arrival speeds, there was no
application of an impulse during planetary passage. The only
improvement which appeared worthwhile seemed to be the possible
lengthening of launch windows. Recently, however, Titus (19)
reopened the question of possible advantages to be gained by applying
an impulse during Martian passages on round-trip flybys. His paper
represents a rather comprehensive study of such maneuvers. While

my own investigations (20) were based on a linearized approximation
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to the equations entering into the impulse optimization problem,
Titus quite neatly formulated a solution to the exact set of equa-
tions and carried out a numerical study on a comprehensive scale

to determine the positions and directions as well as the magnitudes
of the optimally applied impulses. He found that the application of
impulses could be used either to reduce initial masses or the total
trip times required for Mars round-trip flyby missions (Fig. 11),
‘if one were willing to assume the existence of an entry system for
performing returns from speeds of as high as 65,000 ft./sec. at Earth.
In order to reduce reentry speeds, which sometimes were higher than
this value, to the 65,000 ft./sec. limit, he investigated four
methods for reducing speed prior to Earth entry. These were (1) a
retro-maneuver prior to the entry, (2) a perihelion retro-impulse,
(3) the use of non-optimal powered flybys and (4) a Venus swingby
enroute, finding the first of these alternatives to be the most
favorable operationally. He also suggested that thelcapability for
performing the impulse maneuver during Martian passage could be
used, if necessary, for an abort maneuver on the escape hyperbola
from Earth, a consideration which by itself might be a strong

factor for providing a post-injection impulse capability on any

Martian mission.

Hollister and Prussing (21) also investigated the application of
impulses during planetary flyby. In their case, the technique was

applied to Venus swingby missions between Earth and Mars. However,
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