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Feasibility of a Galileo-Style Tour of the Uranian Satellites
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Gravity-assist trajectories have been a key to outer solar system exploration. In particular, the gravity-assist
tour of the Jovian satellites has contributed significantly to the success of the Galileo mission. A comparison of the
Jovian system to the Uranian system reveals that the two possess similar satellite/planet mass ratios. Tisserand
graphs of the Uranian system also indicate the potential for tours at Uranus. In this paper we devise tour strategies
and design a prototypical tour of the Uranian satellites, demonstrating that tours at Uranus are feasible. In an
example tour that launches in 2008, a series of flybys with Titania are used to reduce the inclination (14 deg at
arrival). to permit encounters with Oberon, Ariel, and Umbriel. The tour involves over 40 flybys and ends after
two years with a hyberbolic excess velocity with respect to Ariel of 0.92 km/s, which permits insertion into orbit

about Ariel.

Nomenclature
R; = Jovianradius (71,492 km)
Rp = flyby altitude, km
Rpr = flyby altitude at Titania, km
Rpy = flyby altitude at Ganymede, km
Ry = Uranian radius (25,559 km)
Vo = hyperbolic excess velocity, km/s
AV = delta velocity, km/s
8 = bending angle, rad
0 = B-plane angle, deg
w - = gravitational parameter, km?/s?
g = gravitational parameter of Ganymede, km?3/s?
ur = gravitational parameter of Titania, km®/s?

Introduction

HE study of gravity assists has a long and rich history. As long
ago as 1889, Tisserand' (also see Ref. 2) explained how a close
encounter with Jupiter would affect the orbit of a comet. As the space
age advanced, several researchers developed methods of designing
spacecraft trajectories in the solar system in the 1960s.>~5 In the
1970s interest focused on sending a spacecraft to Jupiter for a tour
of its satellites.®” The Galileo mission resulted from these studies.®
The primary Galileo mission has produced an outstanding volume
" of scientific discoveries at Jupiter. Various extended missions for
Galileo have continued to exploit the concept of the satellite tour
with great success.!?

When contemplating the great utility of the satellite tour concept
for Jovian exploration, naturally we wonder about the feasibility of
satellite tours of other giant planets in the solar systeri. A survey of
the giant planet satellite systems reveals that, contrary to intuition,
a Galileo-style tour is possible at Uranus.!! (Becaiuse they only pos-
sess one satellite each capable of providing a significant gravity
assist, the satellite systems of Saturn and Neptune cannot support
a Galileo-style tour.y That such a feat seems unhkely at Uranus is
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because the Uranian satellites are much less massive than those of
Jupiter. However, the key for a significant gravity assist is not the
absolute size of the satellite, but the ratio of its mass to the primary,
and the mass ratios of the Uranian satellites to Uranus are similar
to those of the Jovian satellites to Jupiter (see Table 1).

The semimajor axes of the satellites are also similar when scaled
to the central planet’s radius as shown in Table 2. Yet another com-
mon feature is that the two outermost satellites at Uranus (Titania
and Oberon) are the most massive, and the two outermost satellites

-at Jupiter (Ganymede and Callisto) are also the most massive. In

fact, there is a correlation between the mass ratios of the Jovian
and Uranian satellites and thelr semimajor axis, with the exception
of Ariel-fo, Starting with the respectlve innermost satellites and
moving outwards, Ariel’s mass ratio is 33% of Io’s, Umbriel’s is
54% of Buropa’s, Titania’s is 53% of Ganymede’ s, and Oberon’s
is 61% of Callisto’s (so the satellite mass ratios of each system are
roughly correlated to their distance from the primary). In summary,
the Uranian satellite system is nearly a smaller replica of the Jovian
system as a result of the correlation between the satellite-to-primary
mass ratios and the relative spacing of the satellites. Tables 1 and 2
suggest the feasibility of a Galileo-like tour at Uranus.

.Tisserand Graph Analysis

The Tisserand graph has been developed by researchers at Purdue
University to facilitate gravity-assist tour design.'!~4 This method
assumes circular, coplanar orbits for the satellites. Under these as-
sumptions the geometry of the intersection of a given spacecraft
orbit (i.e., with specified periapsis and period with respéct to the
primary) with the circular satellite orbit-will be the same at any
point in the satellite’s orbit:(because of the symmetry:of a circular
orbit). Therefore, the spacecraft will have the same V, with respect
to the satellite at any point along the satellite’s orbit. This means
that the V¢ of the spacecraft orbitrelative to any satellite is a func-
tion of only the spacecraftorbit periapsis and period. In essence, the
Tisserand graph: depwts {Ahe energy states of spacecraft orbits with
respect to:the primary-in terms of the spacecraft Vo, with respect to
the satellites; The 'spacecraft: orbit is- confined to move along con-
stant: V.4 contours for'a giveh gravity-assist ﬁyby. Tick marks on
the Vs contours: distmgulsh ‘how much change is possible from a
single flyby ata given altitude. Where the spacecraft orbit crosses
the Vi contour of a- different satellite, we can attempt to target a

“flyby- of that satellite as' well. By stringing together several flybys

591

of the various satellites, we specify (to-a large degree) the final or-
bital energy. The Tisserand graph serves as a map to enable us to
judiciously choose promising flyby sequences. Once the flyby se-
quence, or path, is selected, the Satellite Tour Design Program!—18
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Table 1 Mass ratio comparison

ORI ‘ - Mass ratio of
Satellite w, km3/s? satellites/primary body
Uranian
Ariel 98.5 1.56 (1075)
Umbriel 78.3 1.35 (1075)
Titania 235 © 4,06 (107%)
Oberon 201 347 (107%)
Jovian
To 5934 4.68 (10~5)
Buropa 3196 2521073y
Ganymede 9885 7.80 (10~%)
Callisto 7172 5.66 (107%)

TFable 2 *Semimajor axis comparison

. Semimajor axis
Satellite (in primary radii)
Uranian -  (Ry)
Ariel . 7.45
Umbriel 10.58
Titania 17.38
Oberon 23.24
Jovian Eo ARy
e Io 591
s .. Europa . 9,39
L Ganymede .0 1498
Callisto 26.35

(STOUR) determines whether the phasing between the various satel-
lites will allow transfers between them., (The program STOUR is an
automated design tool that uses patched conics-to search over the
large number of possible paths for gravity-assist tours of satellites
systems and in the solar system.) STOUR has been used in the de-
sign of the Galileo orbital tour (for which the tool was originally
created) and Europa Orbiter tour design studies. It has been found
that the patched conic designs agree well with refined numerically
integrated trajectories. The flyby distances and times can typically
vary by several tens of kilometers for close encounters (hundreds for
distant encounters) and a few hours. The most impottant design ex-
perience with this software is that all conic trajectories have analogs
that are very similar to numerically integrated results, A more de-
tailed explanation of Tisserand graphs can be found in Heaton et al, %
and ‘Strange and Longuski.!* This graphical method has been used
with great success to design Europa Orbiter tours and is similar to a
methddideveloped by Labunsky et al.'> The method takes its name
frofmTisdertiid, who in 1889 used a similar relationship (Tisserand’s
critérioft)itd:explain perturbations of comets by Jupiter.!

' "Tisserand:graphs forJupiterand Uranus are shown inFigs. 1'and 2,
respectively: We see immediately:that these two graphs strongly re-
sembie:each other.'Some differences also exist, however. First and
foremost, the tick marks:in‘the Uranian-plot (Fig. 2) are-closer to-
gether: (Whichagrees well-with the mass ratio data presented. in
Table 1 becausecloset: tickimarks reflect the smaller-masses of the
Uranian: ' systerm): "Pheslopes:of ithe V, contours of Oberon are
slightly-higher than:these ‘of Callisto. 'The same is true of Titania
as compared:to: Ganymede because the Uranian satellites are rela-
tively farther from the.central:-body.-One common factor between
the two-systems is thatthe twoioutermost satellites are.the most ef-
fective gravity-assist bodies.;All-of the-Uranian satellites have less
potential for gravity-assist flybys, but the difference-in: potential is
more marked for Umbriel'and Ariél (When compared to Europa and

Io, respectively) than it is for Titania and:®beroh(when compared -

to Ganymede and Callisto; respectively)Anotherdifference: is that
the satellite-relative Vi range:at Uranus is smaller. This is because
Uranus has a smaller gravitational-parameter:atidal§o implies: that
insertion ‘into Uranian -orbit. is- ¢ostlier than dinsertion iftoJovian
Ol'bit. . , e R ST N TRV
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Tick marks are 100
km altitude flybys.
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Perlapsls [Jovian radli] :

" Fig. 1 Jovian Tisserand graph with V4 increments of 1 km/s for each

satellite. ‘ _ ‘,

10
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10
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km altitude flybys.
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Fig. 2 Uranian Tisserand graph with Vo increments of 0.5 km/s for
each satellite. s

Arrival Geometry and Initial Conditions

Uranus has an obliquity,of 97 deg, and its satellites remain close
to the equatorial plane. Thus, any spacecraft arriving at Uranus is
likely to have a high-inclination initial condition with respect to
the satellites. Figure 3 illustrates the arrival geometry problem in
more detail for a Hohmann transfer to, Uranus from. Earth, For cer-
tain arrival dates (e,g., February 2028 and March 2070) the arrival
Vo vectorcoincides with a “zero-inclination insertion,” thereby re-
sulting in great savings in AV (i.e., no propellant cost to place the
spacecraft into the satellite plane).. Although useful for jllustrating
the problem-of high, inclination at Uranus, the Hohmann transfer is
not a viable option for.a mission to Uranus because it has a time of
flight of 16 years, A faster trajectory to Uranus, however, implies a
different arrival V,, vector, thereby changing the arrival conditions
depicted in Pig. 3 and creating the possibility of arriving on different

dates with a low:inclination, <+ ..o : e
* The-complex relationship between launch date, arrival date, ar-
rival Vi, -vector, artival’ géomietry, and launch energy is explored
in detail in Ref. 11."The purpose of studying these relationships is
to provide a realistic initial orbit at Uranus as a starting point for
tour design and also one that is achievable with current technology.
Given, cutrent. constraints, on.Jaunch energy and upcoming. launch

. windows, we found that a.Jupiter. gravity assist to Uranus appears.to

be the:best option. With this option flight times-of about 10-years to
Uranus are achievablé with launch capability that is:available today.
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v Tableid: Ariel orbiter design reference mission

I . Date, . ' Voos .
o et month/day/year km/s
s i Launeh 3/19/2008 9.80
e Jupiter flyby 9/13/2009 . . 11,11
. Uranus arrival 2/14/2018 6.44
‘ . Titania arrival 5/2/2019 o327
February 2028 !
V

O

February 2007 .

March 2070

Fig 3 Hohmann arrival vector V(,0 migratnon with respect to Uranian
North pole vector. .

Given launch constraints and the results of studies of Jupiter gravxty
assists, we limit insertion AV at Uranus to below 2.5 km/s, which
implies an arrival V, at Uranus of less than 7.3 km/s. A series of
trade studies with STOUR incorporating all of these considerations
yields a design reference mission that we use to derive the initial
orbit of the tour (see Table 3 for details). The window for a Jupiter
grav1ty assist to Uranus closes in 2008. The optimal Jupiter gravity
assist to Uranus cycles approximately every 14 years, and so the
next similar launch opportunity will occur in 2022. By that time the
plane containing the Uranian satellites will have precessed to a less
desirable angle for the arrival V,, geometry. The Uranian satellite
plane moves a little over 4 deg per year with respect to the Uranus—
sun line (and so with respect to any arriving spacecraft see Fig. 3).

The motion of the Uranian satellite plane after 2019 is.in a direc-
tion that causes the inclination of the insertion orbit to grow larger.

The amount of AV necessary to.change the inclination of the orbit
increases as the sine of the insertion orbit inclination, Thus, launch
delays past 2008 result in steadily increasing AV, . .

Rationale for a Uranian Orbiter

There are many tantalizing scientific objectives at Uranus
Uranus is often considered “bland” and uninteresting; .in part be-
cause of the quiescence of its atmosphere during the Voyager 2
flyby.2! However, recent investigations by the Hubble Space Tele-
scope indicate that the weather on Uranus is “heating up” as the
planet approaches vernal equinox,? generating atmospheric phe-
~ nomena not present during the flyby. Furthermore, the deep grooves
and chevrons of Miranda have led to speculation in the planetary
community asto the origin'and subsequent evolution of this most in-
teresting satellite.2 Finally, we observe that Uranys is much closer
. and easier to reach than its far outer planet companions Neptune and
Pluto. Indeed, when we consider that Gal;leo launched tolJ
the 1980s and arrived in the 1990s; w] i &1aunched*to Saturn

in the 1990s and is scheduled to arrive in 2 4, Uranus is clearly,"

the next logical candidate® in the “outer planets orbiter series.

Guidelines and Constraints for Uraniari‘

In this section we select guidelines and constramts for a Uranian
tour and compare and contrast soie of them withthose of the Europa

Tour Design o

Orbiter tour.* In our selection we incorporate some of the recom-
mendations of Wallace?’ and Wallace et al %6 ,

What mission guidelines should the tour follow? Is it a general

tour of the Uranian system similar to that of the Galileo spacecraft,
or does it have a specific destination as in thercase of the Europa
Orbiter? We elect to use the techniques first developed in the Galileo
missiofi, but in addition we adopt the highly focused goal of the
Europa Orbiter mission of reducing Vo, at a destination satellite. We
choose, as the goal for the Uranian Orbiter, tliat the Vs of arrival at
Ariel be less than 1 km/s. Thus, at the end of the tour the spacecraft
could be inserted into orbit about Ariel. If we can demonstrate the
existence of such a tour, then many other tours w1th less stringent
requirements can be designed.
" Now that our hypothetical tour has an objecnve, guidelines and
constraints can be selected. The limit on the penapsxs of any orbit in
the tour will be 4 Ry, based on.the max1mum dius of the Uranian
rings (about 3.4 Ry). The inclination of the tial orbit at Uranus
should be less than 20 deg, based on a trade study .which shows that
approximately one year of “orbit cranking” (& fiyby that changgs
only inclination) is required to bring a 20-deg inclinéd orbit into the
equatonal plane (where the satellites reside).!! Larger 1nclmat10ns
require too much time in the orbit-ctanking phase. We estlmate that
a Uranian tour will take about two years, twice as long ag'a’ typlcal ,
Europa Orbiter tour. We require each orbit of the Uranian-tour to
pass through apoapsis between each flyby:to allow sufﬁc1ent time
for trajectory-correction maneuvers.

The Uranian satellite system is a scaled-down vers:on of the
Jovian system. This fact implies that nontargeted encounters oc-
cut'more frequently’ at Uranus because the satellites are closer to
each other. Tour design experience has shown that this is, indeed,
the case. So the question arises, what is an acceptable flyby distance
for a nontargeted encounter at Uranus? To answer this question,
we consider the well-known equation for the maximum deflection
angle possible for a given flyby:

sm(8/2) =1/(1 +V2RP/M) e

The acceptable flyby distance for nontargeted ﬂybys inthe Jovian
system is 50,000 km.?* We will compare ‘Ganymede and Titanis,
the most massive satellites of their respective planets, By assuming
that the & and V. have the same values in’ the Jov1an and Uraman
systems, Eq. (1) prov1des

RP’I‘/ RPG = MT/ MG

of bending (and the same Vi) i 1s a functwn of
of the bodies being compared The ratio of G

: ®
the same bendmg at Uranus has a greater ef{qjcg; Qn:the.
orbit than a similar amount of b d1 ‘ R%!' \heeaus

mu

genieral requlred at Uranus For th1s

reason, the:flyby: altitude-1s,64 10,50, km for the Uranian teur. This

constraint cwtai,ﬂlygpusb‘ stfie limits of what is navigationally fea-

sible.,For our pnatdtype tcuur the impagt of raising the altitude limit
: . ltitudelimit for the Europa Qrbiter?) is that

of. Jup,ltef slaser

ybys wou required over the course of the tour, length-
enmg the ume of - flight. Table 4 presents a surnmaiy of, all of the

gu1del1nes and constramts denved in this section.

Uranian Tour Example

We now present a Uranian tour design to demonstrate: the: feas1—
bility: of the concept. Qur tour involves three phases: the initial -or
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Table 4 - Guidelines:and constraints summary for an Ariel orbiter

Constraint/guideline ) , Value
Arrival Vo : <1km/s
Periapsis constraint- -i. . >4 Ry
Initial inclination | :.:. - <20 deg
Nontargeted flybys >25,000 km
Flyby altitude | >50km
Time of flight, <2.5 years
10

Period [days]

10

; 1214 16 18 20.. 22
it o Periapsis [Uranian radii]

Fi'g; 4 Ur_hn_iﬁn Tlsserand graph illustrating the strategy employed for
Uranian tour design,

inclination-reduction phase, the middle or energy-reduction phase,
and the end or Ariel-rendezvous phase.

The inclination-reduction phase addresses the problem of high
initial inclination discussed earlier. The problem is solved through
a series of resonant flybys to crank down the inclination of the orbit.
Qur trade studies of Ariel and Titania indicate that Titania is more
effective: for orbit cranking, requiring fewer flybys and less time.
This result might be expected because of Titania’s greater mass
and similarity to Ganymede, which is the best Jovian satellite for
¢ reducing inclination. Although Ariel seems to offer better energy
reduction from the steepness of its curves on the Uranian Tisserand
graph, this potential advantage proves to be insufficient justification
forthelénger time of flight and greater numbef of flybys required at
Ariel for the ¢rank-down. Thus, we choose Titania as the first flyby
body for out tour design at Uranus, '

Once the inclination-reduction phase of the tour'is complete, the
next stepis to'select a path for the energy-reduction phase, which is
the middleé part f the tour. As with the Europa Orbiter désign, this
is the least constidined of the three phases because a large number
of paths are possible. Tour design strategy in the energy-reduction
phase consists'of feducing the energy of the orbit while setting up
the right condifions to begin the end or Ariel-réndezvous phase of
the tour. SRR '

The Ariel-rendezvous phase-of the tour is essentially determined
by the orbit state of the final objective:(i.e., the location of the final
orbit on a Tisserand graph). The findl orbit state by'its very nature
determines the last few flybys ‘of ‘th¢ tour. For instance, in design
studies!22* the Buropa Orbiter tour'typically ends with a transfer
from Callisto to Ganymede, multiple tesonant flybys of Ganymede,
and then a transfer from Ganymede to' Europa. We:can anticipate
that a similar end-of-tour strategy can be developed for our objective
of achieving a low arrival V,, at Ariel/(less than 1'km/s). Another
way of thinking about our goal in terms of the Tisserand graph is
to say that we are attempting to achiéve ati orbit that is as close to
coorbital with Ariel as possible. . -

We can now explain the various phases of ‘the tour design pro-
cess and derive a tour design strategy ‘with the Uranian Tisserand
graphs. Figure 4 is:a Uranian Tisserand graph that includes the ini-

tial condition, the mission objective, and a general strategy of path
selection for all three phases, This suggested design strategy is only
a first-glance, “broad brush” assessment of what is possible, The
inclination-reduction phase is represented in Fig. 4 as the first arrow
from the top. The second arrow from the top begins the energy-
reduction phase of the tour, using Umbriel and Ariel to pump down
the energy of the orbit while maintaining a relatively high periapsis
(>4 Ry). The next three arrows in the progression indicate the strat-
egy for the rest of the energy-reduction phase and are not intended to
represent the actual path selection (because many paths are possible
in the middle part of the tour). Rather, these three arrows show how
the tour must move to the right on the Tisserand graph in order to
reach the mission objective of V5 < 1 km/s at Ariel while maintain-
ing periapsis >4 Ry . In general, in the energy-reduction phase of
the tour design, Oberon is used to pump up because it increases pe-
riapsis significantly, while pumping up the period minimally. Thus
Oberon is used mainly for periapsis maintenance. On the other hand,
Titania and Umbriel are used to pump down because their slopes
on the Tisserand graph provide for significant period reduction with
minimal periapsis reduction. :

‘The end phase or Ariel-rendezvous phase for the tour at Uranus is
more flexible than the end phase for the Europa Orbiter. The end of
the Uranian tour is less constrained because the lack of a radiation
constraint at Uranus allows the Ariel-rendezvous phase flybys to
use Umbriel (which is closer to Uranus than Titania) extensively,
whereas at Jupiter the need to keep the periapsis as high as possible
limited the use of multiple Ganymede—Europa transfers for the final
approach to Europa. So, for the Ariel-rendezvous phase of tour
design at Uranus the final approach can use Titania, Umbriel, or
a combination thereof. (Oberon is not an option because no orbit
from Oberon can reach Ariel with an arrival V., <1 km/s.) The
theoretical best arrival V, at Ariel is 0.46 km/s, via a Hohmann
transfer from Umbriel, whereas the Hohmann transfer from Titania
results in a 'V, of arrival at Ariel of 1.00 km/s.

The tour that appears in Table 5 was designed using the stratégy
just described. This tour is designated U00-01, for the first Uranian
tour designed in 2000. Tour U00-01 uses nine flybys and requires
261 days to eliminate the initial inclination of 13.6 deg. Although
nine flybys are more than required for inclination reduction in any
Europa Orbiter tour, nine is not an unreasonable number. The first
phase of the tour certainly demonstrates that such a large inclina-
tion can be accommodated. The first nine orbits of the inclination-
reduction phase are presented graphically in Fig. 5. We found it
more efficient to reduce the energy (and hence period) of the initial
orbit with the first four flybys and to use the next five flybys to re-
duce ‘inclination only. The effect on the orbits between each flyby
can be clearly dis¢erned from the plot, with a ‘comparison of orbits
1-4 illustrating a reduction in orbit size from each flyby, whereas
orbits 5-9 remain essentially the same size while the inclination is
greatly reduced. '

Events 11-32 in Table 5 represent the energy-reduction phase of
the tour. This phase makes extensive use of Ariel itself for pump

A = Ariel
U= Umbriel
T = Titania
Q.= Oberon

Orbit # =1,2,3,...

. 5 millionkm.

Gh et

Fig. 5 ° First nine orbits of Tour U00-01 (inclination-reduction phase).
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- Table 5. Tour U00-01 summary -

“ Event #/satellite A

Time, days

. Altitude, km 6, deg Voo, km/s Period, days Periapsis, Ry
i o 1/Titania 316 =220 3.27 522 9.1 0
SRS MTitania 74 —-65 3.27 43.5 8.6 52.2
AUUETE 3 Titania’ 58 —54 327 34.8 8.1 95.8
4/Titania 54 =23 3.27 ©26.1 7.4 130.6
5/Titania 90 -92 3.28 26.1 72 156.7
6/Titania * 90 -92 3.28 26.1 7.0 182.8
7/Titania 920 -91 3.29 26.1 6.9 208.9
8/Titania 90 =91 3.30 " 26.1 6.8 2351
9/Titania 776 -103 3.30 270 6.9 '261.2
10/Oberon © 414 0 2.98 1232 6.3 287.6
11/Ariel e 378 0 3.04 20.2 6.2 312.2
12/Ariel ) 55 0 3.04 16.7 6.1 3324
13/Titania 388 0 3.18 14.5 57 ¢ - 3482
14/Umbriel 54 180 3.64 132 5.5 364.3
15/Oberon 584 0 2.60 145 6.1 '378.7
16/Ariel 133 180 2.99 12.6 6.0 406.2
17/Ariel 219 180 2.99 11.2 6.0 - 4188
18/Ariel 119 0 2.99 99 5.9 440.7
19/Oberon 109 180 2.13 115 71 448.9
20/Ariel 651 S0 2.00 8.8 7.0 - 473.6
21/Ariel 88 180 1.87 10.2 7.1 491.3
22/Ariel 251 ) 0 1.86 . 11.4 72 501.8
23/Oberon 282 -12 2.10 12.5 9.0 526.5
24/Umbriel 432 -101 1.97 12.8 9.0 561.6
25/Umbriel 196 180" 1.97 113 8.9 575.2
26/Oberon 404 180 1.78 13.2 10.3 583.8
27/Umbriel 60 0 1.20 11.8 10.2 599.2°
28/Titania 286 0 1.93 9.7 9.0 ©609.8
29/Oberon 241 180 1.44 117 11.2 ©637.7
. 30/Titania 342 0 1.72 9.5 9.9 662.1
31/Umbriel 166 180 1.29 8.3 9.7 682.8
32/Umbriel 151 180 1.29 7.3 9.5 691.1
33/Titania 909 138 1.30 9.9 13.3 696.1
34/Titania 1293 139 1.04 8.7 12.2 709.2
35/Titania 95 —180 1.04 6.5 9.3 717.9
36/Titania 2189 -173 1.04 6.1 8.4 744.0
37/Umbriel 238 ~180 1.61 5.5 8.1 760.7
38/Umbriel 77 —180 1.61 5.0 7.7 777.2
39/Umbriel 519 —180 1.61 4.7 7.5 802.1
40/Ariel 316 e 0.92 P _ 810.8
*28:15 the. angle ‘mtthe lane perpendlcu i ctor, where values of 'and 180:dég correspond (approx:ma’tely) to
tellite.

: equatonal ﬂybys :

'

downs. Many of these flybys are nonresonant. Resohant ﬁybys 'éti;e”‘

more difficult to achieve for Uranian satellites than Jovian satellites
because of the weaker gravity of the Uranian satellites (i.e., the tick
marks on'the Tisserand gx‘aph are closer together). Therefore, in
Tour U00-01 nonresonant “repeat” flybys are used at every satellite
with the exceptlon of Oberon. The energy-reductlon phase achieves
its goal of settmg ‘up'the tour for the Ariel-rendezvous phase, but
by no means is the energy-reduction phase optimized for number
of flybys'or the best path selected because Tour U00-01 is intended
_only as a demonstration of feasibility. ‘

The Ariel-rendezvous phase of U00-01 occurs between events
32 and 40 and consists of multiple flybys of Titania followed by
multiple flybys of Umbriel with afinal transfer orbit from Umbriel to
Ariel. A ¢lose inspection of Fig. 4 reveals thatithis is the natural path

to follow from energy considerations. Again, many.of the:multiple -

flybys of Titania and Umbriel in the- Anelnrendezvous phase: ae.

nonresonant. The end phase achieves & Voo, 0f:0.92
(which is sufficiently below the 1-kmi/s goal),,,

Conclusions
This paper demonstrates, for the first time, thata Gahleo style tour

is possible at Uranus. Such a mission follows the logical progress1on‘

after Galileo at Jupiter and Cassini at Saturn, The latge ob}
Uranus constrains launch windows to open-every 42 year:

' UK.; 1982, pp. 129, 130,

. system would require about 2.5 years fora launch win
- Beyond this opportunlty, arrival inclinatios

half the orbital period of Uranus). Because the four midjor’ sat‘ellites‘ e

of Uranus’have only half the relative masses with respect to Uranus
that the Jovian satellites‘have with respect to-Jupiter; a Uratiian tour

“will not oceur again for several decades:

nificantly;
and the tour mission would take:longer.

y Study Fellowshlp"
art1cu1ar1y thank

,%contnbu-
] doctoral

ferenice, Quebec: City, ‘Quebec, Canada, 30 July—2 August 2001.
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