Internationalk

AAS 87-419

LOW LAUNCH-ENERGY TRAJECTORIES TO THE OUTER
SOLAR SYSTEM VIA VENUS AND EARTH GRAVITY-ASSIST
FLYBYS

Roger Diehl’, Edward Belbruno', David Bender! , Mark Myers , and
Douglas Stetson'

Recent cancellation of the program to develop a Cen-
taur upper stage for use in the Space Transportation
System (STS) has motivated considerable interest in
trajectory modes with low launch-energy requirements
to the outer solar system. Flyby encounters of the
inner planets, especially Venus and Earth, may be
used to enable missions to Jupiter, Saturn, and a
restricted class of comets. An examination of mis-
sion opportunities to these targets is presented
through the end of this century using gravity-assist
trajectories.

INTRODUCTION

Direct trajectories, ballistic transfers with no intermediate flyby
encounters, have historically been preferred in trajectory design for
missions to the outer solar system. They allow the shortest flight time
to a particular target body, reducing the science return delay and opera-
tions costs. Navigation complexity is reduced and spacecraft design
simplified as compared to missions which travel significantly inside
Earth's orbit. However, as payload requirements increase, or in the
absence of available launch vehicles with sufficient performance, it may
be necessary to use indirect trajectories to achieve wviable missions to
the outer solar system.

It has been well known for many years that gravity-assist flybys of
planets, including Earth, can be used to reduce launch energy. As early
as the 1960s, previous investigatorslsz'3=4s5 proposed using Jupiter
swingbys to increase the heliocentric energy of the spacecraft transfer
orbit and enable missions to the outer planets. This principle was imple-
mented successfully in the two Voyager missions, where a flyby of each
giant planet was successively used to target the spacecraft to their next
pPlanetary encounter. Several years earlier, the Mariner Venus-Mercury
mission, launched in November 1973, used Venus to lower the spacecraft's
perihelion and set up a series of Mercury encounters,
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The classical AV-EGA (QV—Earth-Gravity-Assist} and VEGA (Venus-Earth-
Gravity-Assist) trajectory concepts were introduced by Hollenbec in
1975 for trajectories to Jupiter and Saturn. Bender and Friedlander
examined multi-asteroid f£lyby opportunities enabled by these inner-planet
flyby techniques. A systematic classification of VEGA and AV-EGA tra-
jectories to Jupiter, Saturn, and Uranus for launch opportunities in the
1980s was performed by Stancati, Friedlander, and Bender5 Diehl? demon-
strated that a second Earth flyby could be used to eliminate or substan-
tially reduce the AV requirements inherent with a VEGA trajectory to
Jupiter. The resulting new transfer mode is called a VEEGA (Venus-Earth-
Earth-Gravity-Assist) trajectory. The application of VEEGA trajectory
design to the Galileo mission is treated by D'Amario. 10

The purpose of this study is to define potential inner planet gravity-
assist trajectory modes for missions to Jupiter, Saturn, and selected
comets of high scientific interest. The investigation is restricted to
1aunch opportunities from 1992 to 2001. A discussion of the trajectory
concepts for VEGA and VEEGA trajectories to outer solar system targets is
given in the next section. Subsequent sections identify trajectories to

the targets of interest.

TRAJECTORY DESIGN CONCEPTS

Gravity-assist trajectories, as a class, utilize the fact that the
inner planets, especially Earth and Venus, have a substantial capability
for modifying the spacecraft's heliocentric orbit characteristics. In a
VEGA or VEEGA trajectory, the launch vehicle is used to inject the space-
craft on a transfer with a perihelion inside Venus' orbit, reducing the
heliocentric energy of the spacecraft. In the event that the correct
timing, or phasing, of the encounter sequence can be arranged, this
investment of heliocentric energy results in a large change in orbit
geometry and orientation after the Venus flyby. To capitalize on the
Venus flyby, trajectories to the outer solar system require that the
encounter occur along a nontangential approach to the orbit of Venus.

The flight-path angle is necessary so that the gravity assist from Venus,
which targets the spacecraft to its next planetary encounter, results in
a gain in the spacecraft’'s heliocentric energy.

Trajectories examined in this study all begin with an initial planetary
flyby of Venus for which the launch energy requirements are signifi-
cantly below those typical of AV-EGA transfers. Typical launch C5 (hyper-
bolic excess velocity squared), or V_°, requirements for two-year AV-
EGAs are between 26 and 30 km /sz. VEEGA trajectories to Jupiter,
Saturn, and selected comet targets can have launch Cqy requirements as
low as 10 ka/SZ

For VEGA and VEEGA trajectories, the Venus-Earth transfer establishes the
spacecraft’'s relative velocity at Earth. A high V magnitude at the
final Earth encounter is required for outer solar system targets: great-
er than 9 km/s for trajectories to Jupiter and 10 km/s for trajectories
to Saturn. The Venus-Earth transfer also defines the incoming V_ direc-
tion at Earth. Either one Earth flyby (VEGA trajectories) or two Earth
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flybys (VEEGA trajectories) are used to achieve the required outgoing V
direction to the outer solar system

A characteristic of VEGA trajectories is that a single Earth flyby may
not be sufficient to rotate the incoming relative velocity vector to its
required outgoing direction. Consequently, a maneuver after the Earth
flyby may be used to complete the proper orientation of the velocity.
VEGA trajectories which do not require a maneuver after the Earth flyby
are characterized by highly energetic Venus-Earth transfers and require
relatively large flight-path angles at Venus; this can more easily be
achieved with Type III or Type IV Earth-Venus transfers. Heliocentric
transfers between celestial bodies may be classified according to the
transfer angle between the two bodies. The classification is as follows:
Type I (0° to 180°), Type II (180° to 360°), Type III (360° to 540°) and
Type IV (540° to 720°).

The two Earth flybys of a VEEGA trajectory can eliminate or substantially
reduce the AV requirements which may be present in a VEGA transfer since
the relative velocity rotation can be split between the two Earth encoun-
ters. In the resonant case, the time interval is an integral number of
years; in this study, the interval is restricted to two or three years.
I1f the trajectory plane coincides with the Earth orbital plane, it is
possible to have nonresonant transfers where the time interval between
Earth encounters may be several months greater or less than the time

interval for resonant transfers.

The Venus and Earth encounters must be designed so that the final Earth
flyby is phased properly for a transfer to the target body, ensuring that
the target body is at the rendezvous position when the spacecraft crosses
the target's orbit. Errors in the phasing of the encounter sequence are
tightly coupled to penalties in launch-energy and postlaunch AV require-
ments., VEEGA trajectories provide more flexibility than VEGA trajecto-
ries in establishing the proper phasing of the flyby sequence. Addi-
tional benefits are realized when resonant transfers between the VEEGA
Earth flybys can provide some of the inclination change required for
transfers to comets.

Illustrations of VEGA and VEEGA trajectories to the same target body, in
this case Jupiter, are provided in Figure 1. For these two trajectories
as well as the other trajectories in this paper, the Venus and Earth

flybys are designed to satisfy energy, orientation, and phasing require-
ments at the final Earth flyby for a direct transfer to the target body.

LOW LAUNCH-ENERGY TRAJECTORIES TO JUPITER

A summary of VEGA and VEEGA trajectories to Jupiter that were iden-
tified in this study is presented in Table 1. Trajectories are grouped
according to launch opportunities to Venus. Opportunities to Venus for
similar-type (I,II,III, or IV) Earth-Venus transfers occur about every 19
months due to the Earth-Venus synodic period.
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Fig. 1 Sample VEGA and VEEGA Trajectories
Table 1
TRAJECTORIES TO JUPITER
Launch 2 Deep Space Orbit Insertion Arrival Flight Time
Date Trajectory C_j (km™ /87) AV (m/s) AV (m/s) Date (yrs)
1. Aug 92 VEGA 11 397 870 Jan 98 5.4
2, Oct 92 VEEGA 13 95 867 Dec 99 7.2
3. Jan 93 VEEGA 10 137 825 Dec 98 5.9
4. Mar 94 VEEGA 12 0 795 Oct 00 6.6
5. Oct 9% VEEGA 19 0 808 Sept 00 5.9
6 Dec 95 VEGA 17 373 22 Nov 00 4.9
7. Jan 96 VEEGA 16 [1] 751 Jan 03 7.0
B. Feb 96 VEEGA 19 0 174 July 02 6.4
9 Mar 96 VEEGA 11 0 2 Feb 02 5.9
10. May 97 VEEGA 12 110 829 May 05 7.9
11, Oct 97 VEGA 20 B10 8B40 Nov 02 5.0
12, WNWov 97 VEEGA 17 62 739 Oct 04 6.9
13. Mar 99 VEGA 12 666 320 Feb 05 6.0
14. Mar 99 VEEGA 12 0 744 July 06 74
15. Mar 99 VEGA 19 557 953 Oct 03 4.6
16. June 99 VEEGA 12 0 747 Feb 06 6.7
17. Aug 00 9 0 851 Apr 07 6.7
18. Jan 01 VEGA 22 T47 892 Mar 06 5.1
19. Feb 0Ol VEEGA 14 0 767 Oct 07 6.6
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The VEGA trajectories, as compared to VEEGA trajectories, are character-
ized by shorter flight times and larger deep-space AV requirements
Other VEGA and VEEGA trajectories to Jupiter exist for these launch
years, but have either larger launch C3, larger AV or longer flight-time
requirements.

Each trajectory shown in Table 1 is a member of a family of trajectories.
Variations of each trajectory exist with different combinations of 1launch
G4, AV and flight time to Jupiter. It was assumed that these trajecto-
ries were to be utilized for orbiter missions; therefore, the flight time
is biased to reduce orbit insertion AV requirements. Flight times could
be reduced, however, at the expense of additional deep-space or orbit-
insertion AV. There was no requirement that the trajectories be ballistic
to Jupiter. Consequently, deep-space AV was allowed if it could provide
a significant reduction in launch-energy requirements. A 200-day orbit
period and 4-Rj (Jupiter radii) orbit periapsis were assumed for orbit-
insertion AV calculations.

Launch date and arrival date information for these trajectories is
presented in a timeline format in Table 2. A summary of the transfer
types between planetary flybys is given in Table 3. The Earth-Venus
transfer is either a Type III or Type IV transfer for each of the VEGA
trajectories. VEGA trajectories with Type I or Type II Earth-Venus
transfers exist, but have larger AV requirements

Table 2

TIMELINE FOR TRAJECTORIES TO JUPITER

Irajectory ¢, av la2l93l94l95l96 107198l 99l0olo1lo2l03l04]0s] 0607
1. VEGA 11 ) (\_}'—K_"
2. VEEGA 13 1.0 v V4
3 10 1.0 v——-—_\?
. VEEGA 0.8 e e
5 VEEGA 19 0.8 v——v
h. VEGA 17 1.2 ————
7. VEEGA 16 0.8 b= 7
8. VEEGA 19 0.8 N L7
9. VEEGA 11 0.7 A —
10, VEEGA 12 0.9 -
11. VEGA 1.7 Sl 7
12. VEEGA 17 0.8 e 7
B 12 1.5 v—...._v
14, 12 0.7 A 7
15. 12 1.5 A e VA
16. 12 0.7 QL—-——-__—-—-——_&?
17 9 0.9 e Y
18. > 1.6 e i
19 14 0.8 v—.-__v
C 2 3
3 = launch energy in km /s
AV = total postlaunch AV in km/s
L —
Earth Jupiter
Launch Arrival




Table 3

TRANSFER GEOMETRY FOR TRAJECTORIES TO JUPITER

Earth- Venus- Earth-
Venus Earth Earth- Jupiter
Launch Trajec— Transfer Transfer Earth Transfer

Date tory (Type) (Type) Transfer (Type)
l. Aug 92 VEGA IIT III S L
2. Oet 394 VEEGA LV I1 2-yr resonant I1
3. Jan 93 VEEGA i 1T 2-yr resonant T
4., Mar 94 VEEGA IT1 [T 2-yr resonant IT
5..0ct 94 VEEGA IT IT Type III I
6. Dec 95 VEGA ITT ITI —— I
7. Jan 96 VEEGA LV 1T 2-yr resonant I1
8. Feb 96 VEEGA I IT Type III I
9. Mar 96 VEEGA LI II 2-yr resonant [T
10, May 97 VEEGA IIT I1 Type III I
11. Oct ~97 VEGA Y ITX . I
12. Nov 97 VEEGA II LLL 2-yr resonant I
13. Mar 99 VEGA IV LL e LI
14. Mar 99 VEEGA IV I1 Type III I
15. Mar 99 VEGA IIT IIT e I
16. June 99 VEEGA 11 1T 2-yr resonant IT
17. Aug 00 VEEGA I1I 11 Type ITIT T
18. Jan 01 VEGA IV ITI e I
19. Feb 01 VEECA IT ITI 2-yr resonant I

Many combinations of transfers exist for the VEEGA trajectories. Typic-
ally, VEEGA trajectories with Type I or Type IV Earth-Venus transfers
alternate with Type II or Type III transfers with each 19-month Venus
cycle. This is a consequence of the phasing requirements between the
Earth, Venus, and Jupiter.

LOW LAUNCH-ENERGY TRAJECTORIES TO SATURN

A summary of the gravity-assist trajectories to Saturn is given in Table

4, Trajectories are grouped according to launch opportunities to Venus.

The C, range for these trajectories is similar to those to Jupiter since

Venus is still the initial planetary flyby. However, for the trajectory

to eventually reach Saturn, it is necessary for the Venus-Earth transfer

to establish a higher V_ magnitude at Earth than for the trajectories to

Jupiter. All of the ballistic VEEGA trajectories to Saturn have exact or
near three-year orbit periods between the Earth flybys. VEEGA trajecto-

ries with two-year orbit periods between the Earth flybys require a large
maneuver after the second Earth flyby.
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Table 4

TRAJECTORIES TO SATURN

Launch c (kwEqu) Deep Space  Orbit Insertion  Arrival Flight Time
Date Trajectory 3 . AV(m/s) AV (m/s) Date (yrs)
1. Sept 92 VEEGA 14 497 998 Jan 02 9.3
2. Nowv 92 VEEGA 16 0 983 Feb 03 10.3
3. July 94 VEJGA 18 266 851 Sept 02 8.2
4. Sept 94 VEEGA 11 551 888 Apr 04 9.6
5. Sept 94 VEEGA 11 0 881 Dec 04 10.2
6. Oct 94 VEEJGA 17 0 706 May 03 B.5
7. Dec 95 16 591 425 Dec 04 9.0
8. Dec 95 16 163 876 Dec 06 11.0
9. Jan 96 16 370 903 July 05 .5
10. July 97 VEEGA 16 0 843 Mar 08 10.7
11. Dee 97 VEEGA 17 0 879 Aug 07 9.7
12, Jan 98 VEEGA 19 464 929 May 06 8.3
13. Jan 99 VEEGA 20 0 909 June 09 10.4
14. Mar 99 VEEGA 12 455 841 Jan 09 9.9
15. Mar 99 VEEGA 18 (4] 1075 Dec 038 9.7
l6. Apr 99 VEEGA 14 0 834 Jan 10 10.8
17. Aug 00 VEEGA 10 301 813 May 11 10.7
18. Jan 01 VEEGA 14 180 823 Apr 12 11.2

In the late 1990s, the phasing between Earth, Jupiter, and Saturn allows
for Jupiter gravity-assist flybys enroute to Saturn. VEJGA (Venus-Earth-
Jupiter-Gravity-Assist) and VEEJGA (Venus-Earth-Earth-Jupiter-Gravity-
Assist) trajectories can provide better performance and reduced flight
times to Saturn as compared to VEGA and VEEGA trajectories, VEEJGA tra-
jectories allow ballistic options with two-year Earth-Earth transfers.
VEJGA trajectories to Saturn allow shorter flight times due to the
absence of a second Earth flyby. These trajectories require deep-space
maneuvers as have been observed for VEGA trajectories to Jupiter.

Flight times for these trajectories were also biased to reduce orbit-
insertion AV requirements. Orbit-insertion AV calculations were made
assuming a 96-day orbit period and a 2.2-Rs (Saturn radii) orbit
periapsis. Shorter flight times to Saturn would require larger deep-
space maneuvers and/or larger orbit-insertion maneuvers.

Launch date and arrival date information for these trajectories is given
in Table 5 in a timeline format. A summary of the transfer types between
planetary flybys is given in Table 6. For VEEGA trajectories to Saturn,
Type II and Type IV launch opportunities to Venus alternate with each 19
month Venus cycle. The launch and arrival date space for Earth-Venus
transfers is greater for Type II or Type IV transfers than for Type I or
Type III transfers. This gives needed flexibility in finding a sequence
of planetary flybys to satisfy the energy and phasing requirements for
transfers to Saturn.
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Table 5 E

TIMELINE FOR TRAJECTORIES TO SATURN

l92] 93] 94195) 96| 97) 98] 99] a0l 01] 02 03l 04l 05l 06l 07l 08l 09| 10] 11] 12] 13] 14]

Trajectory El a_v

1. VEEGA 14 1.5 VA 7 ¢
2. VEEGA 16 1.0 iy 7 P
3. VEJIGA 18 o kv <7

4. VEEGA 11 1.4 v <7

5. VEEGA 11 0.9 Ay v

6. VEEJGA 17 0.7 Ay 7 ¢1
7. VEJGA 16 1.0 v 'vi

8. VEEGA 16 1.0 v’ )

9. VEEGA 16 1.3 iy 7

10. VEEGA 16 0.8 o —7

11. VEEGA 17 0.9 i 57

12. VEEGA 19 1.4  e— v 'i
13. VEEGA 20 0.9 % </

14. VEEGA 12 13 v —

15. VEEGA 18 1.1 i 57

16. VEEGA 14 0.8 v -7 :
17. VEEGA® 10 1.1 v 57 it
18. VEEGA 14 1.0 \v. V4 !

C3 = launch energy in km /s

AV = total postlaunch AV in km/s

Earth . Saturn
Launch Arrival y‘
Table 6 a
TRANSFER GEOMETRY FOR TRAJECTORIES TO SATURN
Earth- Venus- Earth- Earth-
Venus Earth Earth- Jupiter  Saturn
Launch Trajec- Transfer Transfer Earth Transfer Transfer
Date tory (Type) (Type) Transfer (Type) (Type) 11
1. Sept 92 VEEGA v 11 Type IIT 2isn I
2. Nov 92 VEEGA v I1 Type I1T —-— I
3. July 94 VEJGA v I1I - I =
4, Sept 94 VEEGA II 111 2-yr resonant — I h
5. Sept 94 VEEGA II ILL 3-yr resonant ——= I F2
6. Oct 94 VEEJGA II I1 Type III T ———
7. Dec 95 VEJGA III I1T === 1 -
8. Dec 95 VEEGA v I1 Type III -— 1
9, Jan 96 VEEGA v II 2-yr resonant ——= 11
10+ July 97 VEEGA 111 II 3-yr resonant — I1
11. Dec 97 VEEGA II 111 Type II - 1 i
12, "Jauw 98 VEEGA 11 5 Type IIL - I
1371 .Jam - 29 VEEGA v I1 Type III —— I
14, Mar 99 VEEGA v II 2-yr resonant —— IT
15. Mar 99 VEEGA 111 IIL 3-yr resonant -— i‘
16. Apr 99 VEEGA IV I 3-yr resonant -— II
17. Aug 00 VEEGA 11 Il J-yr resonant —— LI
18. Jan 01 VEEGA IT 111 Type I1 —— II
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LOW LAUNCH-ENERGY TRAJECTORIES TO COMET TARGETS

Table 7 presents the list of comets examined for VEGA and VEEGA trajec-
tory opportunities. The selections were based on previous work!! which
outlined selection criteria to define scientifically interesting bodies
for mission feasibility studies. Characteristically, the orbital motion
of these comets has been well understood. They exhibit the processes
desirable for study and have good viewing properties.

The primary purpose of the Comet Rendezvous Asteroid Flyby (CRAF)
mission, with a planned launch in February 1993, will be to rendezvous
with the short-period Comet Tempel 2 in late 1996. The CRAF objective,
Tempel 2, as well as both backup targets, Wild 2 and Kopff, are included
in the list of comets for this study.

Mission design studies for these comets have been included in previous
reports. Yenl2 published a comprehensive catalog of transfer opportu-
nities with launches after 1990 to a large set of comets using direct,
VEGA, and AV-EGA modes. Stetson!3 and Miller!# updated this list as it
applies to the CRAF mission. The aim of the present study is to expand
the known set of transfers to include the VEEGA trajectory class and thus
provide a large set of high-performance mission opportunities available
in the 1990s.

Table 7

COMET TARGETS CONSIDERED IN TRAJECTORY STUDY

Perihelion

Dates
Comet Magnitude* Apparitions Considered

Tempel 2 9.7 20 Sept 99

21 Feb 05

22 July 10

Kopff 8.2 15 Dec 02

16 May 09

Wild 2 9.4 5 Sept 03

b Feb 10

D' Arrest 9.3 1 r Feb 02

18 Aug 08

Encke 7.1 56 Sept 00

57 Dec 03

58 Apr 07

Giacobini-Zinner 9.6 14 July 05

Borrelly 8.6 14 July 08
*Approximate apparent magnitude at perihelion reduced to 1 AU from Earth
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While the comet’'s physical properties may be used to determine whether
the comet is scientifically interesting, the orbital properties
ultimately determine whether a viable mission exists. Table 8 presents
some relevant data concerning the orbits of the targets used in this
study. These bodies are all classified as short-period comets, a
restricted set with orbit periods of less than 100 years.

VEGA and VEEGA opportunities to a particular comet target occur infre-
quently compared to those for Jupiter and Saturn, as shown in Table 9.

For each cometary perihelion, there is an optimal date to fly by Earth
that provides the best performance for a rendezvous mission. To link up
with this optimal Earth departure for a given launch year, either two-
year or three-year VEEGA trajectories, or VEGA trajectories can be used.
Thus, launch opportunities tend to be grouped together spanning a period
of two to three years, all with arrival dates before a particular comet
perihelion, followed by a conspicuous period without viable launch oppor-
tunities. Another group of low launch-energy trajectories then appears
with arrivals near the next comet aphelion. Table 10 reflects this organ-
ization, where launches to a comet with arrival near a particular aph-
elion are grouped together. For instance, launch opportunities to Kopff
between late 1993 and early 1996 have arrivals in early 2000, shortly
after Kopff aphelion. Kopff launch opportunities do not reappear
until late 1997 for arrivals near the next aphelion in 2006

While a particular comet may be available for a rendezvous mission only
infrequently, mission opportunities with low-energy launch requirements

Table 8

COMET ORBIT CHARACTERISTICS

Ecliptic
Period Inclination Aphelion Perihelion

Comet (years) (deg) Eccentricity (AL (AL)
Tempel 2 8,5 12 0.52 4.7 1:5
Kopff 6.5 5 Q5% 5.4 1.6
Wild 2 6.2 3 0.54 Tt L6
D'Arrest 6.5 20 0.61 5.6 1.4
Encke 3.5 12 0.85 e 0.4
Giacobini- 6.6 32 0.71 6.0 1.0
Zinner
Borrelly 6.9 32 0.63 5.9 1.4
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