lysts.

and Venus.

Introduction

OLLISTER! and Sohn,? in independent and almost
simultaneous works, demonstrated that the strong synodic
fluctuation in mission requirements for fast round trips to
Mars could be greatly reduced by emploving close approaches
to Venus enroute, causing its mass to favorably modify nom-
inaliy unacceptable trajectories {Fig. 1). Almost immedi-
ately, widespread attention was focused upon the “Venus-
swingby niission’’ (as Sohn called it), and results of subsequent
studies by 3ohn®* and by Deerwesters were soon disclosed.
Sohn® examined some representative swingby trips applied
to nonstop as well as stopover missions over a span of vears
between 1970 and 1999 and firmly established the feasibility
and the desirability of emploving this mission mode. Deer-
wester's treatment® embodied two important contributions,
the first of which was his exhaustive exploration of two sample
swingby opportunities, and the second his method of graph-
ical presentation of the results, which makes them compatible
in format with the direct Hight curves preseated in the
NASA Planetary Flight Handbook.” 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 commen graphical
basis. Deerwester’s study also encompassed representative
missions from other launch-vear opportunities, confirming
Sohn's and Hollister's earlier statements that the Venus-
swingby trips would often require considerably less initial
mass than equivalent direct trips—especially so in many of
the “unfavorable years,” when the Martian orbital eccen-
tricity makes short, direct flights prohibitive by raising terminal
speeds bevond reasonable limits. The swingby trips gen-
erally involve only modest terminal speeds, they are not
~ unduly long in duration, and their navigational requirements
are no more severe than what in any event would be required
to return a crew capsule to Earth at the end of any Mars
mission.

Presented as Preprint 66-37 at the AIAA 31 Aerospace
Seciences Meeting, New York, Junuary 24-26, 1966: submitted
February 7, 1966: revision received October 27, 1966.

* Advanced Manned Missions Program.
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Venus-Swingby Mission Mode and Its Role in the Manned
Exploration of Mars

Rorriy W, GILLESPIE® AND STaNLEY Rosst
NASA Office of Manned Space Flight, Washington, D. C.

The present study offers a systematic, thorough analysis of all Yenus-swingby opportunities
over the extended period of time during which such missions seem most relevant; accurate
plots of the speed requirements for these trips; and a critical interpretation of the Venus-
swingby mode as it affects the various direct-mode choices previously treated by many ana-
The data are plotted in a manner compatible with the direct flight mission charts
presented in the NASA Planetary Fligzht Handbook, SP-35.
mission opportunities are governed by a basic 6.4-yr syzvgistic eyvele invelving Earth, Mars,
Within each such cyele, three groups of outhound swingby missions and three
homebound groups are worthy of consideration.
are never worthwhile, two always favorable, and two occasionally so.
swingby mode within the totality of possible trajectory types it is possible to attempt a gen-
eral philosophy of approach to a long-term Mars exploration program which views this mode
in perspective within the total mission spectrum.

Generally speaking, swinghby

Study reveals that of these six, two group~

Treating the Venus-

Now, possibilities for employving the Venus-swinzhy mis-
sion mocle are bound up nuire intimately with the orbiral ge-
ometry of the three planets invoived. The eccentriciry of
AMars’ orbit leads o significant variations in trajecrory resuire-
ments, further complicating the physical problem and pre-
venting any sort of serious attempt 1o formulate a veneralized
precise theory of such missions. Thus. althouzh stndies of
speecific groups of trajectories, such as the ones mentioned pre-
viously, can serve to demonstrate the feasibilitv of such Hishts,
it still remains for a comprehensive, detailed study of the entire
time =pan of inierest to produce the quantitative dara neees-
sary to loecate all trajectories that micht be profitably ex-
ploited. With this in mind, we investigated and cataloged
all useful swingby twajectories, both outbound and home-
bound. during a period (1931-1987} within which these flights
might be usefullv emploved.

Geometrical and Tempeorai Properties

A remarkable commensurability amonz rhe nrbital periods
of Earth, Venus, and Mars causes relative vonfigurations
among the three bodies to repeat fawiy closely every {ap-
proximately) 2338 dayvs, which constitutes a syzygistic period
for these planets. Five svzvgistic pertods constitute a svay-
gistic evele of (almost preciseiy) 32 years. at the end of which
time the three planets occupy the =ame absolute pusitions 1o
zpace as theyv did at the start. :

August 24, 1937 (JD 244 7032} is an interesting ddate of
symmetry on which the three pianmets and the sun lie on 2
straight line,; rotated only 4 deg from the line of apsides of
Mars' orbit. [t is easy to show then® that each swingby tra-
jectory involving a series of dates D;, Da. .., D, relative to
JD 244 7032 corresponds to a geometrically identical tra-
jectory, traveled in the opposite direction, involving dates
—Du,..., —Ds, —Dy; departure speeds at any point in the
former case correspond to approach speeds at that point in the
latter case, and vice versa. ;

Within any svzygistic period, alignments between Mars
and Venus repeat seven times, and are the most frequently
recurring planetary phenomenon. Therefore, seven oppor-
tunities§ exist within every syzyvzistic period for seheduling,

T Assuming, for the moment, that the planetary orbits are
coplanar.

§ Aetnally, seven in each direrton:
Bonad.

atpthonred uwl home=
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Fig. 1 Homebound Type 3
Venus swingby, 1983.

sserr gy BOCTW2

between Mars and Venus, “easy” mission segments whose
energy requirements are relatively modest and whose flight
durations are relatively brief. The question is, how many
of these seven groups can be successiully mated with other
segments to form useful total missions? Figure 2 addresses
this question and helps to qualitatively determine the rela-
tive merit of each mission opportunity.

For practieal reasons, individual trajectory segments be-
tween each pair of planets should be short in duration and
must involve cnly modest speeds at Earth and Mars, where
injection and capture maneuvers are to be performed. Pre-
vious analyses (e.z., Ref. 7) have established that such favor-
able segments between each pair of planets leave and arrive
well within the time intervals denoted by the appropriate
=hacled bands in Fig. 2. Numbers within the shaded bands
in Row 5 identify the seven basic groups of flights from Mars
to Venus. Mission Types 2, 4, and 6 are immediately elim-
inated from further consideration since no trajectories exist
which leave Venus for Earth when these three groups arrive
at Venus from Mars (Rows 5 and 6). Mission Type T is
theoretically possible but not actually competitive with the
direct homebound flights that leave Mars during the same
time period but arrive at Earth substantially earlier (Rows
2and 3).

Mission Types 1, 3, and 5 remain to be considered. The
shaded areas in Rows 5 and 6 which correspond to Type 1
missions overlap only narrowly. TFurthermore, the wide gap
between regions in Rows 1 and 5 which apply to Type 1 trips
indicates that long stopover times at Mars and long total
frip times are to be expected; consequently we expect this
group to be only marginally useful. At Venus, Type 3 tra-
jectories enjoy zood temporal overiap with segments passing
from Venus to Earth (Rows 5 and 6) and thus appear to be
highly promising. Type 5 trajectories alzo enjoy zood tem-
poral overlap at Venus. However, they may suffer timing
incompatibilities at Mars, since direct outbound flights from
Earth sometimes arrive at Mars after the corresponding
homebound swingby trips are to have left Mars for Venus
‘Rows | and 4). The eccentricity of Mars' orbit causes this
condition to wvary in severity, and each opportunity must
therefore be examined separately to determine its suitability.
On occasions when such timing incompatibilities are found to
exist at Mars, it 15 possible to employ Type 5 Venus-swingby
trajectories on both outbound and homebound flights and, at

IN MANNED MARS MISSIONS il

1. ARRIVE MARS |OIRECT]
2. LEAVE MARS [DIRECT]

4 LEAYE MARS |SWINGBY| % -
5 ARRIVE YENUS [SWINGBY|| |1 |2 |1 4 |3 (G |

6. LEAVE YENUS |SWINGBY| | { ]

VERTICAL LINES INDICATE ALIGNMENTS -
BETWEEN PLANETS IM QUESTION

Fig. 2 The syzygistic timing cyele for homebound Venus
swinghbys.

the price of increased total trip time, to use the sravitational
effect of Venus to create acceptable stopover windows at Mars.

In summary then, trajectory Types 2, 4. and 6 appear
unfeasible, Tvpe 7 is not competitive with direct flights, Tyvpe 1
seems doubtful, Type 5 is of occasional interest. and Tvpe 3
promising. By the symmetry principle quoted earlier, these
considerations apply to outhound, as well as homebound,
Venus-=wingby missions.

Numerical Investigations

Based on the qualitative arcuments offered herein all indi-
cated opportunities within a 6.4-vr svzygistic period beginning
in 1931 were analyzed using fine-grid search techniques and a
digital computer program to generate acceptable trajectories.
Valid missions exist only for those trajectories whose hyper-
bolie speeds of arrival and departure at Venus coineide, and
whose asymptote bend angles at Venus are properlv offset.
Matching these conditions produces, for each opportunity,
small mission areas centered about the points labelled “Tvpe 3
Swingby” or “Type 1 Swingby" in Figs. 3 and 4. for which
the appropriate speeds of departure and arrival are labeled
as shown (ie., for Type 5 swingby in Fiz. 5: 0.25 EMOS
departure from Earth and 0.26 EMOS arrival at Mars, and
so on). These points are not meant to represent “optimum”
missions in any definite sense, but rather to =erve as handy
indicators for locating and assessing favorable working areas for
detailed study. Figures 3 and 4 display all such n=eful working
points obtained for the 6.4-vr period under studv.  These are
presented in proper temporal relationship to the direct dight
curves with which thev are to be matched and compared.
As Fig. 5 shows, no usable engineering regions were fonnd for
the Type 1 swingby missions occurring in 1981, although
detailed data for this opportunity are presented in Fig. 6,
betow.

Important properties of selected total missions that involve
these points are summarized in Table 1. In practice, most
useful missions will not differ appreciably from the examples
outlined there.

Figure 7 shows the complete mission areas corresponding to
outbound and homebound Type 3 swingbys in 1934, Type
5 missions can be used either separately or together as fol-
lows: outbound swingby, homebound direct: outbound
direet, homebound swingby; outbound swingby, homebound
swingby. Figures 6 and 812 display, in expanded scale,
the detailed contours that describe each complete mission
area throughout the svzygistic period, plotted following the

Table 1 Selected Yenus-swingby trips between Earth and }ars during a single syzygistic cycle of 6.4 vears

Terminal speeds in EMOS

Total trip Stopover
Type Syzygy date time, days time, days Lv AR LV AR
1 Homebound Apr. 5, 1981 (No engineering window)
3 Homebound Jan. 31, 1983 67 75 0.15 011 0.21 0.17
5 Outbound Dec. 24, 1983 446 20 0.25 .26 0.13 0.20
5 Homebound Nov. 27, 1954 164 15 0.14 0.30 0.18 0.13
3 Outbound Oect. 23, 1985 360 20 0n.14 .20 0.11 0.1l

1 Ouebound Aug. 24, 1957

{ No engineering window |
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method adopted by Deerwester.* From each figure the fol-
lowing quantities can be read for all missions: Jdeparture date
[ordinate (or abscissa)], arrival date [abscissa (or ordinate)],
passage date (thin solid contours), passage height at Venus
(thin dashed contours), hyperbolic excess speed at Mars
(heavy dashed contours), and hyperbolic excess speed at
Earth (heavy solid contours).

Study Results

The study confirmed that no mission opportunities of Types
2, 4, and 6 exist, either outbound or homebound. In addi-
tion, no Type | missions were found to be of practical interest;
high terminal speeds and, in many cases, requirements for
subsurface Venusian passages reflect the effects of :he tight
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timing conditions during passage which were mentioned
earlier. A minor exception occurs, however, during the
outbound opportunity of 1974 (not treated here), during
which a very small area of barely possible interest exists, with
hyperbolic excess speeds of 0.26 EMOS (minimum) at both
Earth and Mars. This area repeats once during each 32-yr
svzygistic cvele.

All Tvpe 3 swingby missions, both outbound and home-
hound, were found to be highly advantageous. Terminal
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event of April 3. 1981, JD 2t 1700.1.
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speeds are low and trip durations are almost invariant at
about 530 days, including stopovers of 0-30 days, typically.
The nominal interval between Type 3 swingbys, alternately
outbound and homebound, is 3.2 vears. regularly and for
decades into the future.

Tvpe 5 swingby trips oecur in pairs, outbound and home-
bound, about every 8.4 yvears. Instead of arriving at Mars
near the date of conjunction, as in the case of Type 3 tra-
jectories, thev arrive near the date of opposition. Also, as
distinguished from the Type 3 trips, they can be used sep-
arately or towgether, as previously mentioned. Terminal
speeds and stopover durations are not appreciably different
from those for Type 3 trips. Huwever, round-trip durations
are tvpically about 460 days, instead of the 550 days involved
in Type 3 nussions.
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Fig. 7 Trip windows, direct and Type 5 Venus swingby.
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of April 5, 1981, JD 244 4700.1.

A Comprehensive Assessment

Sufficient information now exists to make a valid and ven-
eral engineering comparison of Venus-swingby missions with
direct missions to and from Mars. The direct trips fall into
two  groups, opposition-class trips and conjunction-class
trips.

Opposition-class trips are each characterized by a brief
stopover opportunity at or near the date of opposition everv
synodic period of (nominally) 2.13 vears. Owing to the
eccentricity of the orbit of Mars, the round-trip time varies
tfrom typically 400 days at Martian “perihelion oppositions™ to
500 days at Martian “aphelion oppositions,” each of these ex-
tremes repeating every 15 or 17 vears. Perihelion oppositions
permit stopover durations of perhaps 20-30 days. Other
oppositions permit stopovers of only a few davs’ duration.
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Fig. 10 Outbound Type 5 Venus swinghy: syvzygistic event

of Dec. 24, 1983, JD 24+ 5693.0.

Terminal speeds, in terms of either rhemical or =olid-core
nuclear propulsion, range from difficult in perihelion opposi-
tions to imposzible in others.

Conjuncrion-class trips are characterized br long <topover
oppertunities centered at the date of conjunction: these alzo
occur every 2.13 vears. All are uniformly alike rhroughout
the entire synodic evele of 13 or 17 years. o that if 4 capability
for one is engineered, all are automatically included. Con-
junction-elass trips can be varied between two extremes. from
the classieal double-Hohmann trip of about 900 davs. having
a 350~day stopover at Mars, 1o a zero-stopover trip of shous
300 days. Al intermediate combinations are possible. The
200-day trip requires terminal zpeeds just comiortably within
the capabtlity of the chemical proveilants and present engi-
neering knowledge. Thev are the most difficuls of the von-
junction-class trips; double-Hohmann missions are the
eastest, as far as propulsion is concerned.

Type 3 and Type 53 Venus-swingby trips both vequire ap-
vroximately the =ame propulzion capability as the ~00-lov
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Fig. 12 Outhound Type 3 Venus swinghby; syzygistic event
of Oct. 23, 1985, JD 244 6362.3.

Lur:'un'ti(m class trips. Type 3 trip opportunities occur

wiernately every 3.2 vears, Tvpe 3 trip opportunities occur
in pairs every 6.4 vears. The same capability can be used to
include both conjunction-class trips and Venus-swingby
trips. [t therefore seems clear that no choice should be made
between direct trips and Venus-swingby trips, but that a
repetitive capability can be established, leaving to future
decizions the selection of modes for each individual expedition.
An occasional opportunity to make an opposition-class trip,
sav in 1971, 1988, ete., could be utilized by using fleets of
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rockets designed for the conjunction-class and Venus swingby
trips.

A final comment is pertinent. Such preliminary engineer-
ing evaluations as have heen made indicate that Venus-cap-
ture expeditions can be accomplished with approximately the
same propulsion capability as is required for \Iars conjunc-
tion-class and Venus swingby landings.

Once the syzygistic period has been completeh described,
the results can then be used as a guide in computing trajec-
tories during subsequent periods. However, since the helio-
centric longitudes of the planets at any time within the 6.4-yr
interval are different in successive periods, and since the
orbit of Mars is relatively eccentric, the events in one period
are not exactly reproduced during the period following. Thus,
although the pattern =et by any period guides us in calculat-
ing the events in the following evcle, it does not eliminate the
need for complete and detailed caleulations for each oppor-
tunity of interest. .\ compilation of contour maps and tab-
ulation of supporting calculations for the entire period from
1975-2000 1s now in preparation and will be issued shortly in a
new volume as part of the Planetary Flight Handbook Sertes.”
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