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Gravity-Assist Trajectories to Jupiter Using Nuclea Electric
Propulsion

Daniel W. Parchef” and Jon A. Sim&

This paper examines optimal low-thrust gravity-assigdtaries to Jupiter
using nuclear electric propulsion. Three different VenuskEaravity Assist
(VEGA) types are presented and compared to othertgrassist trajectories
using combinations of Earth, Venus, and Mars. Familiesslotions for a given
gravity-assist combination are differentiated by theaximate transfer
resonance or number of heliocentric revolutions betwflybys and by the flyby
types. Trajectories that minimize initial injectioneegy by using low resonance
transfers or additional heliocentric revolutions onfitet leg of the trajectory
offer the most delivered mass given sufficient flight tifiejectory families
that use only Earth gravity assists offer the mosveleld mass at most flight
times examined, and are available frequently withelitriation in
performance. However, at least one of the VEGA ttajgaypes is among the
top performers at all of the flight times considered.

INTRODUCTION

The use of planetary gravity assists is a proven tgqaerto improve the performance of
interplanetary trajectories as exemplified by the Voya@elileo, and Cassini missions. Another proven
technique for enhancing the performance of space missitims use of highly efficient electric propulsion
systems. Electric propulsion can be used to increasm#iss delivered to the destination and/or reduce the
trip time over typical chemical propulsion systelsThis technology has been demonstrated on the Deep
Space 1 missidn- part of NASA’s New Millennium Program to validateb@ologies which can lower the
cost and risk and enhance the performance of future mésaidith the successful demonstration on Deep
Space 1, future missions can consider electric propulsianvable propulsion option. The combination of
electric propulsion systems with gravity-assists ttajges can enable missions that would otherwise be
impractical to execute.

Solar powered electric propulsion systems suffer subatgoaiver loss as the spacecratft travels
farther from the Sun, making nuclear powered electopyision a natural choice for trajectories that
require substantial thrusting in the outer solar systeneghe nuclear power source does not diminish with
increased solar distance. Several gravity-assidtiéenthat use nuclear electric propulsion to rendezvous
with Jupiter have been presented previously includingsMeavity-assist familiés, single and double
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Venus gravity-assist familigsand single and double Earth gravity-assist fanfilidis paper expands
upon that work to include Venus-Earth gravity assists (N&@&nd compare them to the previous results.

APPROACH

The preliminary design software used in this study to descamd analyze trajectories is based on
a technique presented by Sims and Flanaghimses a direct optimization method and models thestlas
small impulses. The starting and ending bodies (Earth gitJun this case) are treated as massless and
the gravity assists are modeled as instantaneous chartbeddirection of th&., (hyperbolic relative
velocity vector). The optimization objective for eflthe trajectories presented is the maximization of the
final mass of the spacecratft.

The maximum power available to the propulsion sysgeassumed to be fixed at 95 kW. The
thrusters are modeled with a specific impulse of 6000 s andieierefy of 70%. These parameters yield a
maximum thrust of 2.26 N with a mass flow rate of 3.82%@'s and are consistent with those used in
References 5 and 6 so that the results can be compegetllydiThe software can choose whether or not to
thrust at any point in time, the level of the thrust ufhtomaximum, and the direction of thrust.

The trajectories presented are injected to a pogtieegy with respect to Earth. The launch
vehicle used for these trajectories has three timesagability of the Delta IV Heavy. The performance
curve for this launch vehicle is illustrated in Figurevhich shows the relationship between injectign C
(defined as the square of departurewéctor magnitude) and injected mass. In each of thectoajes
presented, the injection Mvill be optimized in both direction and magnitude in ordentximize the final
mass at Jupiter.

The performance curve in Figure 1 shows that injectass is reduced substantially as the
injection G is increased. This relationship effectively penalizagttories that require higher injectiop C
values and provides the optimizer with an incentivesthuce G.
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Figure 1 Launch Vehicle Capability Model



DIRECT TRANSFERS

Mass optimal direct Earth-to-Jupiter transfer perfornedic the assumptions outlined in the
Approach section has been documented in Reference 5 drais kere in Figure 2The data plotted in
this figure was generated by parametrically varying fltght and reoptimizing the trajectory at each new
flight time.
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Figure 2 Direct Earth to Jupiter Transfers — DeliveredMass vs. Time of Flight

The low-thrust trajectory optimization process attestiptlimit thrusting to only the most efficient
places in the transfer (where the instantaneous bebiiaents are favorable) while minimizing the initial
C; yet meeting the flight time restrictions. As flighthe is reduced, thrusting must occur in less efficient
parts of the transfer, and more energy from the kwebicle is required. As flight time increases,
however, a point is reached where the number of heliiceevolutions becomes a limiting factor on
performance. Increasing the number of heliocentrioltéions offers the optimizer additional places in the
trajectory where highly efficient thrusting can occureThsult is an increase in thrusting efficiency, a
decrease in the necessary laungha@ increase in flight time and a new family of siolus. This new
family of trajectories, like the >2 revolution familydicated in Figure 2, will have a higher minimum flight
time but offer better performance at flight times abaweertain threshold.

Families of low-thrust trajectories are not only diffeiiated by the number of revolutions of the
trajectory; there are several other ways that yleBacbehavior of the planets cause local minima in
trajectory optimization. One classic example is laupgportunity (i.e. the trajectories in Figure 2 could be
found one synodic period of Earth and Jupiter later witliaimperformance). In order to distinguish
between families of low-thrust trajectories like threes in Figure 2, we must develop a classification
scheme.

TRAJECTORY FAMILY CLASSIFICATION
The low-thrust gravity-assist trajectory familiesg@pted in this paper will be categorized by a

few key trajectory features about which locally optirfiaahilies form: gravity-assist path, number of
transfer revolutions, transfer resonance, trangfgntftime, and arrival type. Many of these featuresuo

" Reference 5 includes illustrations of the transfersypleose performance is shown in Figure 2 as well as
showing the time history of semimajor axis and ecdatytifor a sample trajectory. The optimal injection
C; is also plotted against flight time.



on each leg of the trajectory, where a leg is deftodak a transfer from one planetary encounter to
another. Because of this, each additional flyby body pligs the number of potential solution families.
One type of local minima that will not be included iattassociated with the launch opportunity. This type
has been omitted because all of the trajectories pegsenthis paper launch in either 2011 or 2012 so for
families that happen to have multiple instances withintthree span, the difference in performance will be
small. However, if one were comparing the performari¢teeosame trajectory families across many
different launch years, it would become an importantgaie

Path Abbreviation

The first letters of each of the planetary bodies béllisted in the order of encounter to denote
the gravity-assist combination or path (note that tidnotes Mars rather than Mercury). For example, a
“VE” trajectory is one that departs from Earth, perferangravity assist at Venus, then performs a gravity
assist at Earth, and arrives at Jupiter. The firstastcblodies are not included in the abbreviation because
the trajectories presented here will always stafzath and end at Jupiter.

Number of Revolutions/Transfer Type

As illustrated for the direct cases in Figure 2, diffeesnin the number of heliocentric revolutions
for low-thrust trajectories create locally optimal fies of solutions in flight time. This occurs on a &g
basis and so each leg that spans two different bodisshe identified by the angular distance the
spacecraft travels about the Sun. However, since theeruohrevolutions changes as flight time and
phasing changes, this category will often be identified tange.

A trajectory leg is a Type 1 transfer if it travelstdween 0 and 180 degrees about the Sun. A Type
2 transfer travels between 180 and 360 degrees anetitkecontinues for Types 3, 4, etc. in increments of
180 degrees. For brevity, type numbers will be indicaiiid Roman numerals.

Families of trajectories will often have legs that spvem different transfer types depending on
flight time and phasing, resulting in the need to categdnsettrajectories using multiple types. For
example, a trajectory leg that travels 160 degrees dtighttime and 200 degrees at another flight time
would be a I-Il transfer, since it is a | transfesame flight times and a Il at others.

In each of the gravity-assist cases, the transden the final flyby to Jupiter rendezvous is a I-I|
transfer. Other types of gravity assists certainlytérigvhich the spacecraft would perform multiple
revolutions about the Sun before arriving at Jupitet tese cases have an inherently long flight time so
they are not included in this study. Since the trangfes of the last leg of all of the cases presented here is
the same, it will not be included in the identificatidriree trajectory family in an effort to keep the
identifiers as short as possible.

Indicating the transfer type is convenient for higiocity legs that transfer quickly from one
body to another, but it becomes inconvenient when itbsgrtrajectories with many spirals. An alternative
to using the Type number of the transfer is to simpiljdate the minimum number of revolutions of the
transfer (as in Figure 2).

Resonance

For transfers that return to the same body, the opimwill avoid extensive and inefficient
periapsis rotations by timing the transfer period shehit is approximately resonant with the planet’s
period. However, since associated with each resonaaeitha local minimum, it is important that we
record the transfer resonanicd&kesonance will be indicated by both the numbeewdlutions the
spacecraft performs during the transfer as well aatingber of revolutions of the planet.

The flight time for the leg changes as flight timetfog entire trajectory changes, so the resonance
used to classify each trajectory type will be approxémbaeg resonance will be indicated in the following
manner:

" An illustration of the local minima associated wigsonant transfers can be found in Reference 6. The
example case shows two optimal transfers for an Eaathitgiassist with different transfer resonances.



Approximate Number of Planet Revolutions : Approximate Number of Spacecraft Revol utions

For example, a trajectory leg that starts at Earth arfdrpgs one heliocentric revolution before
returning to an Earth flyby approximately 2 years latdrlvé referred to as a 2:1 transfer. It should be
noted that since these trajectories include thrustingetransfer, the spacecraft is not necessarilyiaver
an instantaneous orbit that corresponds to the resobgnvekich the trajectory is categorizéd@his
nomenclature is merely a method of indicating the lefthe transfer and the number of heliocentric
revolutions the spacecraft accomplished.

Transfer Flight Time

The local minima associated with this category arecdssed by the periodic motion of the
planets. This case, however, is specific to trandftsoccur between two different bodies rather than
returning to the same body, so the transfer periad isnger in resonance with the planet period. As a
result, the optimizer may converge on multiple solutitias perform the same number of heliocentric
revolutions but differ in flight times by an integer numbgplanet revolutions.

As with the resonance cases, it is important to keeg tflooth the number of spacecraft
revolutions and the number of planet revolutions. Howetierpptimization minima occur at flight times
that differ by the period of either (or both) bodi&a.illustration of three optimal Venus gravity-assist
trajectories with different Earth-Venus transfer tirbasthe same number of spacecraft revolutions is
shown in Figure 3. In the leftmost trajectory, thensfer takes 618 days. In the middle trajectory, thénEart
departure is approximately one year earlier and tinafegatime has been increased by roughly one Earth
period. In the rightmost trajectory, the arrival at Versuapproximately one Venus period later, hence the
transfer time has been increased by roughly one Venigglp&he changes to the flight times are not exact
multiples of planetary periods because the flyby conditirange with the increased apoapsis, and
because Jupiter is not in the same place when thedbteychanges significantly.
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Figure 3 Locally optimal Venus gravity-assist trajectories @ Jupiter with different transfer times.
The first case (left) has a 618 day transfer. The secondse (middle) is the result of
departing the Earth approximately one year earlier. The lascase (right) is the result of
arriving at Venus approximately one Venus year later.

To capture the differences in transfer times betvweerdifferent bodies, the flight time for the
leg will be expressed in numberwifiole revolutions of therrival planet. Unlike the resonance cases, this
flight time may need to be expressed as a range for sajeetory families since the transfer time will
vary with changes in the total trajectory flight timeiridsthe three trajectories from Figure 3 as examples
for the categorization scheme, the transfer flighetcategorization for the first case would be 2 sthee
transfer time is 618 days (2.75 Venus periods). The tratisfercategorization for the second case would
be 4 since the transfer time is 1021 days (4.54 Venus pgraods3 for the last case since the transfer time
is 852 days (3.79 Venus periods). At different flight timedupiter the Earth-Venus transfer for this last

* An illustration is provided in Reference 6 for a 3:remt Earth gravity-assist case.



case might exceed 900 days in which case the transfecdimgorization for the third case would be 3-4.
It should also be noted that the second case is diffénam the others in that it launches in the previous
year (2010). This is important to take into account siheee is likely a Venus gravity-assist trajectory
with an Earth-Venus transfer of the same type that laasich2011 (the result of shifting the flyby date of
the first case forward by two Venus periods).

Arrival Type

By reducing the transfer periapsis below the orbitdiusof the target planet, the optimizer can
increase the flyby Yand improve the effectiveness of the gravity assig;technique is known as,V
leveraging. When this occurs, there are two points at which tmesfea orbit crosses the target planet orbit.
The spacecraft can encounter the planet at eithbosétpoints as shown in the two trajectories in Figure
4. Because the periapsis is below the target planet,dhette/o local points of maximum effectiveness for
the flyby and as such, optimization minima form. Trajeglegs with flybys that occur prior to perihelion
of the transfer are referred to here as inbound; lethsfiybys that occur after the transfer perihelion are
referred to as outbound.
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Figure 4 Inbound vs. outbound arrival types. The trajectoy on the left is an example of an optimal
Venus gravity assist that uses an inbound flyby. The right gjectory is an example of a
similar Venus gravity assist with the same transfer type kuwith an outbound Venus
encounter.

For transfers that require significant inclination changmgiat of maximum effectiveness for the
transfer can occur for transfers both above and beleypltine of the ecliptic. As a result, legs with a
substantial inclination must also be categorized by vendtte arrival at the flyby occurs above or below
the plane. For some cases, such as the 0.5:0.5 Eatthtfaasfer, the resonance is exact (a reduction in
periapsis for \} leveraging would prevent the orbits from intersecting) so the above/below plane
descriptor is all that is needed to characterize thesdtsipe for that leg. For other cases, there is not a
significant out-of-plane component in which case theunboor outbound arrival type is all that is needed.



Nomenclature

Locally optimal families of low-thrust gravity assistdl be labeled by each of the five previously
mentioned categories. The general form is as follows:

Path Abbreviation (T1 A1, T2 A2, etc.)

where
Path Abbreviation: The first letter of each bodyrider of encounter
T1: Transfer Flight Time/ Transfer Type for the first leg if the leg occurs
between two different bodies, dransfer Resonance of the first leg if
the leg returns to the same body.
Al: Arrival type for the first leg
T2: Transfer Flight Time/ Transfer Type or Transfer Resonance for the
second leg
A2: Arrival type for the second leg
where
Transfer Flight Time: Leg flight time in number of whgieriods of the arrival body
Transfer Type: “I" if the transfer travels 0-F8fbout the Sun, “II” for 180-360etc.
Transfer Resonance:  Number of planet revolutions : Number of spacecraft revolutions
Arrival Type: Inbound (i) if the flyby occurs prior fierinelion of the transfer

Outbound (o) if the flyby occurs after perihelion of trentfer
Above plane (a) if the transfer is above the planaekcliptic
Below plane (b) if the transfer is below the planehef écliptic

For example, a gravity-assist trajectory family whiist leg is characterized by a | or Il transfer
(depending on flight time) that required less than 1 Venusdw arrive at an inbound arrival at the
Venus flyby, and whose second leg is characterized lpaa1l resonant transfer to an outbound arrival at
the Venus flyby would be denoted VV (0/1-1li, 2:10). Infation about the Venus-Jupiter leg has been
omitted since all of the combinations presented hadength a -1l transfer to Jupiter rendezvous, similarly
the fact that this trajectory launches in 2012 has bedtted. However, this nomenclature could be
expanded to include the omitted information by classifyirgithjectory EVVJ 2012 (0/1-1li, 2:10, I-I1).

VEGA FAMILIES

Three families of VEGA trajectories to Jupiter rendesvare presented here. VEGAS are
efficient geometrically due to short transfer timegoth the Earth-Venus and Venus-Earth legs. This
short transfer time coupled with gravity assists attwassive planets close to the Sun results in a
trajectory that performs quite well, even at low fligimes.

The shortest flight time VEGA trajectory included herdlustrated in Figure 5 and categorized as
VE (0/I-llo, 0/1li). The trajectory launches withpmsitive G (4.84 knf/s’) in 2012 and immediately begins
using the low-thrust propulsion system to augment theggrseipplied by the launch vehicle. This is done
because low-thrust propulsion is so much more efficienttti@mpropulsion performed by the launch
vehicle. Some launch;@s needed however, since this VEGA family has less dtn@revolution to fly by
Venus. Perihelion is reduced below Venus’s orbital radituisdrease the M The Venus flyby is outbound
since it occurs after the transfer periapsis occusttamVenus flyby sets up a Venus-Earth transfer that
requires less than one Earth period to return to EarthE@tth arrival type is inbound to set up the Earth-
Jupiter transfer. This trajectory has a substantiausinof thrusting immediately after launch to set up the
Venus flyby. More thrusting is later used both before dtedl the Earth flyby to increase aphelion. Finally,
not shown in Figure 5, thrusting occurs at Jupiter hoeae rendezvous.
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The next VEGA trajectory family, shown in Figureé$classified as a VE (1-2/111-1Vi, 0/Ili). In
this case both flybys are inbound, and the first ¢ttajg leg has a longer flight time than the previous case
due to an additional revolution. The additional revolutidlofdng launch allows the low-thrust
propulsion system more time to augment the launghthéreby reducing the necessary launch energy (to a
C; of 1 knf/s® ). This reduction in launchz@orresponds to an increase in initial mass which ingz dve
mass at Jupiter rendezvous. However, since the spaaceastftravel around the Sun one additional time,
the minimum flight time for this case will be higttaan the previous family.
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Figure 6 VE (1-2/111-1Vi, 0/lli) Family Trajectory Plot at 6 yrs flight time

The final VEGA case presented, shown in Figure 7atsgorized as a VE (2-3/V-Vli, 1/1li).
Again both flybys are inbound but the first leg of thegectory has yet another revolution about the Sun.
The addition of this revolution allows the thrust arcbeglaced more efficiently, decreasing the
propellant mass, while maintaining the low laungh(at 1 knf/s%).
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Figure 7 VE (2-3/V-VIi, 1/1li) Family Trajectory Plot at 6.6 yrs flight time

Another benefit from additional heliocentric revolutsoon the first leg of the trajectory is a
reduction in sensitivity to phasing. This correspondsdeaease in performance sensitivity to launch
opportunity and an increase in the number of launch appitigs available.

While each of these VEGA families do not occur eachn,\adeast one type is likely to be
available on any given year. Either the VE (1-2/\1:10/11i) or the VE (0/I-llo, 0/Ili) was available on
each launch year considered (2010-2018). The frequency WEtl{2-3/V-VIi, 1/1li) was not investigated.

RESULTS

The determination of which gravity-assist traject@mily offers the maximum mass at Jupiter
rendezvous is dependant on the maximum allowable fliglet, timconversely, the trajectory family that
offers the minimum flight time is dependant on the mininaliowable mass at Jupiter rendezvous. The
VEGA families illustrated perform quite well when comhte other gravity-assist families. First, we will
examine the three VEGA families with respect to edhblero Then we will compare them with other
gravity-assist paths.

VEGA Performance

The trade between mass and flight time for the thEe@A families presented is shown in Figure
8 with the direct cases shown in Figure 2 as a cosgariAll three VEGA families offer substantially
greater mass at Jupiter capture than the direct caseyhnuit is interesting to note that at the higheihflig
times the advantage of the gravity-assist families ¢ive direct cases is not as great.

By comparing the three VEGA families, it is apparent #dlitional revolutions on the first leg of
the trajectory increase the mass delivered to Jug@fguie at the cost of flight time. The highest delivered
mass for the VE (1-2/I1I-IVi, O/1li) family is 4.5% Bher than the VE (O/I-llo, 0/Ili) family, at the casit
an 18% increase in flight time. Similarly, the highéslivered mass for the VE (2-3/V-VIi, 1/1li)
trajectories is 7% higher than the VE (0/I-1lo, O/fajnily, at the cost of a 40% increase in flight tirAe.
additional revolutions are added, the flight time increaga®ughly the same amount, but the mass gained
diminishes.
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The cause of both the performance benefits and theidhirig returns of additional heliocentric
revolutions on the first leg of the VEGA trajectorga be seen in Figure 9, which shows the
corresponding initial ¢of the trajectories plotted in Figure 8. The initigld@ the VE (0/I-1lo, 0/Ili) family
is significantly higher than the other two families do¢he geometry of the Earth-Venus transfer.
However, as additional heliocentric revolutions are addekde first leg of the transfer, theg 2aches very
low values. With enough revolutions prior to the firgbft, the mass gained by adding additional
revolutions is insignificant.

20 \

Direct Transfer to Jupiter [

18
\ \ —A— VE (0/1-110,0/11i)
16

- -A - -VE (1-2/II-1Vi, 0/1)
% \ —&— VE (2-3/V-VIi, 1/1L)
14
g |\
K
NE 12
S 10 \
=
s\ NN
g8 N
S IR \
6

N\
An
2 : ~A'ﬁ-AA-A ALAN AL |hhﬁlﬁ PN

4 4.5 5 55 6 6.5 7 75 8
Time of Flight (yrs)

Figure 9 VEGA Performance, Injection G vs. Flight Time

The total low-thrusV for the trajectories in Figure 8 is shown in FigureTlfere are two major
factors influencing thaV for these transfers. One is the launghdd increase in launch; @eans that the

10



low-thrust propulsion system is required to perform tédhe totalAV needed. The second major
influence to the low-thrustV is the effectiveness of the thrusting. As additidralocentric revolutions
are added thrusting becomes more efficient as it is @hédrout the most effective places in the transfer
to thrust. The VE (0/1-llo, O/11i) family has the lowtdsw-thrustAV due to the fact that the launch vehicle
is supplying much of the energy needed. The VE (1-2/111-0¥ij) family requires additionaAV due to
the fact that the low-thrust propulsion system reducemjbetion G needed significantly. The VE (2-3/V-
VIi, 1/1li) trajectory also decreases the initiaj, ®ut the additional revolution allows the optimizer tagel
thrusting more effectively, thereby enabling it to redieetotal low-thrus\V. This effect is also evident
when comparing Figure 6 and Figure 7, as the VE (2-3fyMlli) trajectory in Figure 7 has shorter, more
concentrated thrust arcs. Also note that the “knekiieocurves are offset by roughly one year,
approximately the amount of additional flight time requiicedone revolution on the first leg.
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Figure 10 VEGA Performance,AV vs. Flight Time

The effect of additional heliocentric revolutions oe fiist leg of the VEGA trajectories can also
be seen on gravity-assist trajectories with diffepanetary flyby combinations, and while the VEGA
trajectories perform quite well in comparison to thedt cases, other planetary gravity-assist
combinations are able to offer similar or better grnfance.

Gravity-Assist Trajectory Family Comparison

Tables 1-4 list information about each of 35 differteajectory families for 8, 7, 6 and 5 year
flight times respectively, all launching in either 2012642. The trajectory families in each table are in
order of mass at Jupiter rendezvous starting with tigesadelivered mass for the given flight time. Some
trajectory families are indicated as not having dateadtin flight times. This occurs either because the
family has a short flight time and the delivered massreached a maximum, in which case the higher
flight times were not pursued, or the family has a loffiggit time, in which case the trajectory would not
converge for flight very low flight times. Figure 11 iplat of the performance of all of the trajectory
families against flight timé.

% None of the trajectories presented in this paper havgtraints on the declination of the launch
asymptote (DLA). The 0.5:0.5 resonant EEGA cases apimai values of DLA that no longer correspond
to the launch vehicle curve presented earlier. Thealtres a relative increase in performance for thases
with respect to the others. However, even with thfaiuadvantage, the 0.5:0.5 EEGA cases perform
poorly with respect to other trajectory types.

11



Table 1 Gravity-Assist Trajectory Family Performance, 8 yearfflight time

Trajectory Type Launch Flight Time to | Mass at| Low- Launch
Date Flybys Jupiter | thrust Cs
(yy/mm/dd) (2572"73) (kg) AV | (km?S)
(km/s)
EE (1:10, 2:1i) 11/08/22 464/ 1146 24030 8(48 .32
EE (2:2i, 2:1i) 12/11/08 802 /1491 24000 848 0137
EE (1:10, 2:10) 11/05/26 466 / 1243 23990 8|55 0.35
EE (1:1i, 2:1i) 11/09/01 446/ 1133 23886 874 0141
EE (1:1i, 2:10) 12/07/14 44411230 23802 8[91 .45
EE (1.5:1.5i, 2:1i) 12/04/04 623/ 1313 23791 9130 Q.10
VE (2-3/V-Vli, 1/1li) 12/08/14 730/ 1148 23350 9.67 0.80
E (4:3i) 11/12/17 1411 22921 10.87 0.0
E (4:30) 11/08/26 1557 2290( 10.96 0,66
EE (1:1i, 3:1i) 11/09/03 447 | 1540 22859 11)03 0.69
VE (1-2/11I-1Vi, O/11i) 11/06/21 454 | 775 22764 10.87 1.08
E (2:20) 12/07/16 812 22537 12.33 0.5
EE (0.5:0.5a, 3:20) 12/03/01 195/ 1370 22367 11.43 1.53
M (O/111-1Vo) 11/04/11 596 22271 12.91 0.36
E (2:2i) 12/05/10 825 22227 12.82 0.56
E (3:20) 11/07/21 1198 22154 11.85 215
E (3:2i) 11/10/27 1070 22052 11.18 2.67
VE (0/1-1lo, O/11i) 12/03/15 183 /512 21776 9.58 4.78
E (3.5:2.5i) 12/04/03 1295 21731 14.08 0462
M (O/I-110) 11/10/08 328 21723 11.57 3.04
VEE (O/I-llo, 1/1I-1lo, 2:1i) 12/03/21 180/ 704/ 1298 2129 1016 5,48
EE (0.5:0.5a, 1:1i) 11/10/05 195/611 21274 15.13 0.81
Direct >2 Revolutions -- - 21193 15.82 0.37
VV (1-2/llI-IVo, 2:1i) 11/04/20 467 / 941 20867 13.65 3.81
V (3-4/IV-Vi) 11/09/30 979 20702 15.04 2.44
EE (0.5:0.5a, 2:1i) 12/04/27 188/ 892 20685 10.55 6.71
VV (0/1-11i, 2:10) 12/03/07 118 /603 20276 10.51 7.85
E (2:1i) 12/10/15 718 19230 10.54 10.j70
E (2:10) 12/07/20 833 18815 10.85 11.59
V (2/11-1117) 11/07/02 618 18424 13.51 10.29
E (1:10) -- - - - --
E (1:1i) - - - - --
E (1.5:1.50) - - - -- --
E (1.5:1.5i) - - - -- -

” Launch and arrival dates are not listed for the tiragectory families because the ephemeris for Earth
and Jupiter was not used to generate those resultsadngte direct trajectory results were generated using
circular, coplanar orbits of Earth and Jupiter. This d@se to allow the direct transfer results to be geénera
in terms of launch opportunity. The circular, coplanampdifiying assumption was not used for the gravity-
assist results since performance can depend signifieamihlyjjection opportunity.
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Table 2 Gravity-Assist Trajectory Family Performance, 7 yearflight time

Trajectory Type Launch Flight Time to | Mass at| Low- Launch
Date Flybys Jupiter | thrust Cs
(yy/mm/dd) (2572773 (kg) AV | (km?¥S)
(km/s)
EE (1:10, 2:1i) 11/08/22 463/ 1146 24029 849 g.32
EE (1:10, 2:10) 11/06/09 453/ 1229 23942 8,61 0.40
EE (1:1i, 2:1i) 11/09/01 445/ 1133 2388H 8,74 0,41
EE (1:1i, 2:10) 12/07/17 438 /1224 23767 9/00 g.45
EE (1.5:1.5i, 2:1i) 12/05/19 573/ 1263 23595 981 Q.07
VE (2-3/V-VIi, 1/11i) 12/08/14 73171148 23349 9.66 0.81
VE (1-2/111-1Vi, O/11i) 11/06/21 454 | 775 22764 10.87 1.08
E (2:20) 12/07/16 812 22534 12.32 0.p5
M (O/111-1Vo) 11/04/12 596 22273 12.90 0.37
E (2:2i) 12/05/13 827 22212 12.8§2 0.60
E (3:20) 11/07/23 1196 22152 11.85 215
E (4:3i) 12/02/25 1333 22126 12.86 0.8
EE (0.5:0.5a, 3:20) 12/03/31 187/ 1336 22072 11.55 .17
E (3:2i) 11/10/26 1071 22050 11.19 2.66
VE (0/1-llo, 0/1li) 12/03/15 183 /512 21776 9.58 4.Y8
E (3.5:2.5i) 12/04/03 1295 21731 14.08 0/62
M (O/I-110) 11/10/08 327 21722 11.5[7 3.04
VEE (0/I-llo, 1/1I-Illo, 2:1i) 12/03/22 179/698/ 128 2114y 10.50 5/54
EE (0.5:0.5a, 1:1i) 11/11/05 189 /599 20994 14.87 1.81
VV (1-2/1lI-1IVo, 2:1i) 11/04/20 467/ 941 20867 13.65 3.81
V (3-4/1V-Vi) 11/09/30 979 20702 15.04 2.44
EE (0.5:0.5a, 2:1i) 12/04/26 188 /893 20684 10.55 6.72
Direct >2 Revolutions -- -- 20616 16.80 0.99
VV (0/1-11i, 2:10) 12/03/07 118/ 603 20275 10.52 7.84
EE (1:1i, 3:1i) 11/12/07 343/ 1432 19951 14)57 4.94
E (2:1i) 12/10/15 718 19230 10.54 10.[70
E (2:10) 12/07/20 833 18815 10.85 11.59
vV (2/11-111i) 11/07/02 618 18424 13.51 10.29
E (1:10) -- -- - -- -
E (1:1i) - - - - --
E (1.5:1.50) -- - -- -- -
E (1.5:1.5i) - -- - - -
EE (2:2i, 2:1i) - - - - --
E (4:30) -- - -- -- -
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Table 3 Gravity-Assist Trajectory Family Performance, 6 yeaflight time

Trajectory Type Launch Flight Time to | Mass at| Low- Launch
Date Flybys (days) | Jupiter | thrust Cs
(yy/mm/dd) (2572773 (kg) AV | (km?¥S)
(km/s)
VE (1-2/111-1Vi, O/11i) 11/06/22 453/ 744 22762 10.87 1.09
E (2:20) 12/07/21 813 22499 12.42 0.26
EE (1:10, 2:1i) 11/11/30 353/ 1033 22245 11135 1.92
EE (1:1i, 2:1i) 11/12/08 337/1021 22161 11)95 1.56
M (O/111-1Vo) 11/05/09 580 22147 12.8y7 0.72
E (1.5:1.50) 12/01/09 589 22118 13.p2 45
E (2:2i) 12/05/31 820 21979 13.26 0.77
VE (0/1-1lo, 0/1li) 12/03/15 183 /512 21776 9.59 4.Y8
M (O/I-110) 11/10/07 333 21611 11.87 3.04
E (3:2i) 11/12/01 1024 21303 12.22 3.p1
VV (1-2/1lI-1IVo, 2:1i) 11/04/16 467 / 940 20734 13.53 3.8
EE (1:10, 2:10) 11/11/03 331/ 1086 20730 13.95 3.40
E (1.5:1.5i) 12/03/17 474 20694 14.12 3,33
EE (0.5:0.5a, 2:1i) 12/04/24 189 /892 20652 10.58 6.77
E (1:1i) 12/05/12 415 20613 13.90 3.V6
V (3-4/1V-Vi) 11/10/03 973 20589 15.211 2.57
EE (0.5:0.5a, 1:1i) 11/11/23 187 / 593 20537 14.94 2.98
EE (1:1i, 2:10) 12/12/04 31471084 20358 14(82 3.57
VV (0/1-11i, 2:10) 12/03/07 118/ 603 20274 10.%4 7.82
E (3:20) 11/10/27 1091 20074 15.27 3,93
Direct >1 Revolution -- -- 19538 14,6 6.03
E (2:1i) 12/10/15 718 19230 10.96 10.69
E (2:10) 12/07/20 833 18815 10.86 11.58
vV (2/11-111i) 11/07/02 618 18424 13.51 10.29
EE (0.5:0.5a, 3:20) 12/08/28 166/ 1180 15913 21.14 11.20
VEE (0/I-llo, 1/11-Illo, 2:1i) 12/04/22 151/646/ 116 15659 2255 10.77
EE (1:1i, 3:1i) 11/12/20 284/ 1262 11548 26423 23.40
E (1:10) -- - - -- -
E (4:3i) - -- - - --
E (4:30) -- - - -- -
E (3.5:2.5i) - - - - -
EE (1.5:1.5i, 2:1i) - - - - --
EE (2:2i, 2:1i) - - - - --
VE (2-3/V-Vli, 1/1li) - - - -- --
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Table 4 Gravity-Assist Trajectory Family Performance, 5 yeafflight time

Trajectory Type Launch Flight Time Mass at| Low- Launch

Date from Launch to | Jupiter | thrust Cs
(yy/mm/dd) Flybys (kg) AV | (km?S)
(157213 (km/s)

VE (0/1-llo, 0/11i) 12/03/15 182 /510 21730 9.67 4.82

E (1.5:1.50) 12/03/17 534 21705% 12.95 178

E (1:10) 12/07/02 417 21358 12.80 2.81

E (2:20) 12/12/11 667 20913 14.88 2.02

M (0/111-1Vo) 11/07/12 542 20729 14.01 3.34

VE (1-2/111-1Vi, O/11i) 11/08/26 388/ 700 20535 14.61 3.29

VV (O/1-li, 2:10) 12/03/08 118/ 604 20253 10.59 7.83

M (O/I-110) 11/10/23 331 19979 14.39 5.03

E (1:1i) 12/06/01 408 19858 13.88 5.85

E (1.5:1.5i) 12/03/27 476 19754 14.52 5,53

EE (0.5:0.5a, 1:1i) 11/12/12 185 /582 1914 15.77 6.08

E (2:1i) 12/10/16 708 18801 11.17 11.85

V (2/11-111i) 11/07/02 618 18419 13.4% 10.36

E (2:2i) 12/10/01 692 18108 17.18 7.83

E (2:10) 12/08/22 791 17628 12.65 13.45

Direct >1 Revolution -- -- 17094 15.92 12.12

VV (1-2/111-IVo, 2:1i) 11/07/06 387/ 852 16322 18.54 12.p2

EE (0.5:0.5a, 2:1i) 12/06/14 178/ 807 1627 16.65 14.09

V (3-4/IV-Vi) 12/01/20 861 14688 20.5p 16.00

E (3:2i) 12/05/02 872 13616 20.73 19.[79

E (3:20) - - - -- -

E (3.5:2.5i) - - - - -

E (4:3i) - - - - --

E (4:30) - - - -- -

EE (0.5:0.5a, 3:20) - - -- - -

EE (1:10, 2:1i) - - - -- -

EE (1:10, 2:10) -- -- -- -- --

EE (1:1i, 2:10) - - - -- -

EE (1:1i, 2:1i) - - - - -

EE (1:1i, 3:1i) - - - - -

EE (1.5:1.5i, 2:1i) - - - - -

EE (2:2i, 2:1i) - - - - -

VE (2-3/V-Vli, 1/1li) - - - - -

VEE (0/I-llo, 1/II-1llo, 2:1i) - - - - -
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At an 8 year flight time to Jupiter, Table 1 shows thattbp 6 trajectories in terms of mass
delivered to Jupiter are all double Earth gravity-assises. These EE cases perform well due to their low
initial Cz and two flybys. The VE (2-3/V-VIi, 1/1li), E (4:3i),na E (4:30) cases are also able to maintain
low initial C; values to achieve high delivered masses. It is intagetinote that the top 10 gravity-assist
cases in this table all have optimalv@lues of less than 1, but that none of the caseyjinfahe four
tables have a zero value for laundgh i@dicating that there is almost always a benefit small initial G.

At a 5 year flight time, only 20 of the 35 total trafay families had solutions (as opposed to 30 at
an 8 year flight time). At that flight time, the VB/[-1lo, O/1li) family outperforms the other trajector
families, as it benefits from two gravity assist®irly 510 days. The EE (0.5:0.5a, 1:1i) family performs
two gravity assists in less than 600 days, but the perfarensuffers due to a high initiak @quirement
for the initial 0.5:0.5 transfer. Other trajectory flies that perform well at 5 years flight time are #iegle
Earth gravity assists that use an outbound flyby aogdanitial resonance to keep @w, and the M
(O/N-1Vo) family which uses a low initial €and spirals to a Mars flyby. At low flight times, ttop
performing trajectories are those that require a latialrC; while maintaining compact geometries such
that they require little flight time before performitige final gravity assist.

The Venus-Earth, Earth and Mars gravity-assist familie®ipe consistently well; at least one
family from each of those gravity-assist combinagiginear the top of the list in terms of performaatce
each of the flight times examined. The double Earth yrasisists performed very well at high flight times
but could not achieve reasonable masses at flight tflesver than about 6 years. The high performance
of the Earth, double Earth, and Mars gravity-assist dasdise low-thrust propulsion system contrasts
sharply against the impulsive scenario where these treesity-assist types offer relatively poor
performancg

As flight time increases, gravity assists offeslaad less improvement over direct trajectories.
Additional revolutions allow the direct trajectoriesreduce g@and thrust very efficiently, while the
geometry of gravity assists causes them to maintairehighial G's and constrain thrusting. At 8 years
flight time, the best direct trajectory offers approxiela88% of the mass that the best gravity-assist case
delivers. At 5 years flight time that fraction is reddite 79% and continues to decrease as flight time is
reduced further.

The performance results for the cases shown, botitaband relative, will change with changes
to the propulsion system parameters (ie: launch vetgpolger, Isp, etc.). General trends will remain the
same if the acceleration is similar, but the top perérs at a given flight time may vary.

CONCLUSIONS

The low-thrust trajectory optimization problem is avigh many local minima that occur for a
number of reasons. The features about which theakranima form can be used to categorize families of
trajectories. These features include the gravity-epath or combination of planets, the leg transfee typ
number of heliocentric revolutions, the leg resonan@ases where resonance occurs, the leg flight time,
and each arrival type. Additionally, local minima fornoabeach launch opportunity, though the launch
opportunities for the trajectories presented here limited to 2011 or 2012.

Adding heliocentric revolutions to the first leg ofrajectory allows some of the initial energy
previously provided by the launch vehicle to be provided éyrbre efficient low-thrust propulsion. The
additional revolutions also allow the low-thrust propuldiobe performed at more efficient places in the
transfer. This mass savings comes at the cost of fiiglt however, and with diminishing returns as more
revolutions are added. This effect was illustrated viighthree Venus-Earth gravity-assist families. The
Venus-Earth gravity-assist families also illustratevfzohigher low-thrustV can result in increased final
mass due to a reduction in launch C

While many gravity-assist trajectory families existhwdifferent resonances, or arrival types or
numbers of revolutions, it is not possible to fine damily that performs best at all flight times. Ayame
flight time there may be several trajectory familtesttperform comparably, and selecting between them
may be subject to other criteria. Gravity-ass@jetrtory families that can launch with low injectiGsis
are able to launch with greater initial mass thandrighitial G; cases and, as a result, given sufficient
flight time, are able to deliver more final mass. Athtagflight times, the top performing Jupiter
rendezvous trajectories are from families that sttt a low initial G and reduce low-thrugtV through
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multiple gravity assists and/or more efficient plaeabof thrusting. The four EE(1:1, 2:1) cases, along
with the VE(2-3/V-VIi, 1/1li), and E(4:3i) cases are abbeaccomplish this. At lower flight times families
like the VE (0/1-llo, O/lli), E (1.5:1.50), or M (0/11IV0) are able to capitalize on relatively compact
geometries and low initial £& to get to Jupiter quickly while still offering good femmance. Overall, for
low-trust trajectories, gravity assists offer a waypotentially reduce flight time, increase deliverezss)
or both.
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