Cassini Classical Orbit Elements

Time (UTCGE): 15 Oct 1997 89:18:54.000

semi-major fA«<is (km):
Eccentricity:
Inclination {degl:
Eoat (deqg):

Arg of Perigee (deg):
True Anomaly (deg):
Mean” anomaly (deg):

6635, 637000
0020566
30000
150,546
230,000
136.530
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8. Interplanetary Trajectories
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What is the first step ?

The spacecraft is in parking orbit (circular) around the
Earth.

What should be achieved first ?




Reminder: 2-body problem
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Step 1: hyperbolic trajectory (escape the Earth)

2-body problem Earth-satellite
(Sun and Mars gravity neglected)

Hyperbolic
orbit

AV,

Motion in the
planetary
reference frame




How far can we go with this 2-body problem?

Sphere of influence (SOI): a spacecraft is within the Earth’s
SOl if the gravitational force due to Earth is greater than the
gravitational force due to the sun.

GmE m.., GmS m.,
>
r 2 2

E, sat rS .sat

5 What's wrong
I s < 2.9x10°km with this value ?



The 3-body problem

Third body:
sun or planet

Spacecraft

Central body:
O sun or planet

Disturbing
function



The spacecraft orbits the planet or the Sun

Primary gravitational
acceleration due to
the sun

G (m + mv) r. r
P+ P r =-Gm,| L+
pv r3 pv S r3 r3
pv SV sp
.. Perturbation
., —A = PS_> acceleration due to
P P the sun p:planet
. L Vv: vehicle
Primary gravitational _
acceleration due to the planet S.sun
G(m,+m,) r, r
s pV Sp
I, + - r, =—-Cm | 5 +—
rsv rpv rsp
F — A =P —» Perturbation
SV ¢S p acceleration due to
the planet

Orbit the
planet

Orbit the
sun
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SOIl: Correct Definition due to Laplace

It is the surface along which:
P, P

A

Ap
Measure of the planet’s Measure of the deviation of
Influence on the orbit of the the vehicle’s orbit from the
vehicle relative to the sun Keplerian orbit arising from
the planet acting by itself
r, P o
If > —— the spacecratft is inside the SOI of the planet.

s 1%
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SOl Radil

Planet SOl Radius (km) (Sb?)ld;aggﬁ)
Mercury 1.13x10° 45

Venus 6.17x10° 100

Earth 9.24x10° 145

Mars 5.74x10° 170
Jupiter 4.83x10/ 677
Neptune 8.67x107 3886
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At the sphere of influence, far from the Earth

Motion in the
planetary
reference frame




Planetary to heliocentric frame

2-body problem Sun-satellite
(Earth’s gravity neglected)

TVSOI ~ Voo T Vearth

1“=

g2 '

Motion in the
heliocentric
reference frame




Reminder: Hohmann Transfer

The minimum-fuel impulsive transfer orbit is the elliptic
orbit that is tangent to both orbits at its apse line.
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Step 2: Hohmann transfer

- —_———

Motion in the
heliocentric
e reference frame




Hohmann transfer design

ZluS'LLTl Rmars

/flsun

/

Velocity of the satellite

on the elliptical orbit

around the Sun

Voo T Vearth

2UsyunRmars

Hsun

Usun=1.327€20

R, i, =149.6€9
R, 0rs=228€9

\ Rearth (Rearth + Rmars) Rearth

\

\ Rearth (Rearth + Rmars) Rearth

\

hN

Velocity of the Earth
around the Sun

Vearth

R Vo T Vearth — Vearth =~ Vo



Let’s go back to our initial hyperbola

Which one is a transfer
to an outer (inner) planet ?

VEarth/Sun

V
Voo // Veearth/sun Earth/Sun
for Hohmann




We can now design the initial hyperbola

2-body problem Earth-satellite
(Sun’s gravity neglected)

Vs IS known !

Motion in the
planetary
reference frame




We want to calculate AV1 and B

We know v, and 7, V. =

N

H c__ N
a " u(l+re)

Orbit equation with 6=0

h> 1
e’ -1

https://en.wikipedia.org/wi
ki/Hyperbolic_trajectory

We have 3 unknowns, 2 equations, but a=

FvVv Hyper. Circ. h
AV=V, -V, =—-— £

H jl> r r,
h=r, \/vz 2H

1
r [ =c0s"=
e
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Existence of launch windows: Mars should arrive at the apogee
of the transfer ellipse at the same time the spacecraft does.

e Motion in the
heliocentric
el - - reference frame



Existence of Launch Windows

Phasing maneuvers are not practical due to the large
periods of the heliocentric orbits.

The planet should arrive at the apse line of the transfer
ellipse at the same time the spacecraft does.

22



Transfer time

Planet 2

True Mean
anomaly motion

Omars2 = Omars,1 T Natiz

Planet 1
at arrival
T (Rl + R2 j?)/z HMaTS,l — @0 =T — Nyl
L, =
2
\ Hsun t, =2.2362x10"s = 258.8 days
Hohmann

9, =44
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Step 3: Planetary arrival - similar reasoning
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Governing Equations
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Patched conic method: in summary

Sequence of 2-body problems: outbound hyperbola
(departure), Hohmann transfer ellipse (interplanetary
travel) and inbound hyperbola (arrival) with one body
always being the spacecratft.

Approximate method: Iif the spacecraft is close enough to
one celestial body, the gravitational forces due to other

planets are neglected.

Very useful for preliminary mission design (delta-v
requirements and flight times). But actual mission design
employs the accurate numerical integration technigques.
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Assumption of Circular, Coplanar Orbits

Inclination of the orbit

Planet to the ecliptic plane Eccentricity
Mercury 7.00° 0.206 KO'!
Venus 3.39° 0.007
Earth 0.00° 0.017
Mars 1.85° 0.094
Jupiter 1.30° 0.049
Saturn 2.48° 0.056
Uranus 0.77° 0.046
Neptune 1.77° 0.011
Pluto 17.16° 0.244 KO'!
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Earth-Jupiter Example: Hohmann

Galileo’s original mission was
designed to use a direct
Hohmann transfer, but
following the loss of
Challenger Galileo's intended
Centaur booster rocket was
no longer allowed to fly on
Shuttles. Using a less-
powerful solid booster rocket
Instead, Galileo used gravity
assists instead.

28



Earth-Jupiter Example: Hohmann

Velocity when leaving Earth's SOI:

v, —v, =VE = [Han \/ R _1|-8.792kmss
R, (R1+R2)

Velocity relative to Jupiter at Jupiter's SOI.

V, =V, :Voi — @ 1—\/ 2Rl =5.643km/s
R, (R1+R2)

Transfer time: 2.732 years
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Earth-Jupiter Example: Departure

Velocity on a circular parking orbit (300km):

V, = \/L =7.726km/s
R. +h

o

AV = \/vfo + 2K _ 7.726 km/s = 6.298 km/s
2
rv,

u

e=1+ =2.295
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Earth-Jupiter Example: Arrival

Final orbit is circular with radius=6R,

Av:\/v2+2—“—\/“(1+e) —24.95-17.18 = 7.77km/s

o o

e=1.108
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Rendez-vous opportunities: synodic period

6, =6,+nt
0, = 0,, + Nyt ¢:¢o+(n2_nl)t
0= ‘92 _91
27T
¢o‘27f:¢o+(n2_nl)-rsyn Tsyn:‘n -n ‘
1~ 1h
T — T1T2
syn
‘Tl _Tz‘
B 365.26 x687.99 —777.9 days

" |365.26-687.99
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Earth-Mars mission
The total time for a manned Mars mission Is

258.8 + 453.8 + 258.8 = 971.4 days = 2.66 years

. In 258 days, Mars travels 258/688*360=135 degrees. Mars should
be ahead of 45 degrees.

. In 258 days, the Earth travels 258/365*360=255 degrees. At Mars
arrival, the Earth is 75 degrees ahead of Mars.

. At Mars departure, the Earth should be behind Mars of 75 degrees.

. Areturn is possible if the Earth wins 360-75-75=210 degrees w.r.t.
Mars. The Earth wins 360/365-360/688=0.463 degrees per day. So
one has to wait 210/0.46=453 days.
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Hohmann Transfer: Other Planets

Planet | V- departure Transfer time
(km/s) (days)
Mercury 7.5 105
Venus 2.5 146
Mars 2.9 259
Jupiter 8.8 098
Saturn 10.3 2222
Pluto 11.8 16482

Assumption of circular, co-planar orbits and
tangential burns
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Venus Express: A Hohmann-Like Transfer

Interplanetary Transfer Orbit

— Earth
Venus

— Mercury

—L Wenus Express
{10-day marks)

ALl &

9, November 2005,
03:33:34 UT
Positions at launch

11, April 2006 08:32:47 UT
Positions at Wenus orbit insertion

(Issue 3)

by

April, 2005

J. M. Sanchez Pérez
J. Rodriguez Canabal

Venus Express: Consolidated Report On Mission
Analysis

European Space Operations Centre

» | C; = 7.8 km?/s?

Time: 154 days

Why ?

» | C; = 6.25 km?/s?
Time: 146 days

Real data

Hohmann
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SOYUZ

from the Guiana Space Centre

User’s Manual

Issue 1 - Revision 0 - June 06

1700
1600
1500 \
Organization EZ& 1400 \\\
. - ) 4 1300
Major EADS Astrium, Toulouse, France, leading a = N
x 1200 o
contractors team of 25 subcontractors from 14 " \\
Eurcpsan countries. g oo N
©
o ] E 1000 '\\
Mission Orbiter 8 %00
type gh_-‘ T~
s> 6800
i \Irﬂ _]
Satellite of venus 700 *
Launch date 9 Movember 2005 03:33:34 UTC 600 \-...__\
T
Launch Sovuz-FGIFregat 500 —
vehicle 400 \""‘--
™~
300
Mission 150 daye enroute; 1,000 days in orbit
) . . 0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46
duration 4 years and S monthe elapsed
C3 [km?s? % - transition between sub-orbital and direct
COSPARID  2005-0454 injection profile curves is simplified
Home page www.e2a.int/SPECIALS Venuz_ Express @

Mass 1,270 kg | <]




Sensitivity Analysis: Departure

The maneuver occurs well within the SOI, which is just a
point on the scale of the solar system.

One may therefore ask what effects small errors in position
and velocity (r, and v,) at the maneuver point have on the
trajectory (target radius R, of the heliocentric Hohmann
transfer ellipse).

4 )
oR, 2 Hy 5rp n Iy 5Vp
R, 4_ RVp | VpV, I, T, VoV,

2/usun \ Y,
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Sensitivity Analysis: Earth-Mars, 300km Orbit

, =1.327x10"km® /s?, 1, =398600 km® /s?
R, =149.6x10°km, R, =227.9x10°km, r, = 6678 km
Vp =32.73km/s,v, =2.943 km/s

or oV
i’ =3.127—2+6.708—L2

R, r V,

A 0.01% variation in the burnout speed v, changes the
target radius by 0.067% or 153000 km.

A 0.01% variation in burnout radius r, (670 m !) produces
an error over 70000 km.
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Sensitivity Analysis: Launch Errors

Standard GTO

a semi-major axis (km) 40

e eccentricity 4.5 10"
i inclination (deg) 0.02

wp argument of perigee (deg) 0.2

Q ascending node (deg) 0.2

Trajectory correction maneuvers are clearly mandatory.

Ariane V
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Sensitivity Analysis: Arrival

The heliocentric velocity of Mars in its orbit is roughly
24km/s.

If an orbit injection were planned to occur at a 500 km
periapsis height, a spacecraft arriving even 10s late at
Mars would likely enter the atmosphere.
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Venus Express mission
operations update

10 November 2005

At 11:30 CET, 10 November
2005, Venus Express Ground
Segment Manager Manfred
Warhaut reported from ESQOC's
Main Control Room that both the
Yenus Express spacecraft and
ground segment continue to
perform excellenthy.

Artist's impression of Venus The Wenus Express Launch and
Express spacecraft Early Orbit (LEQP) operations

continue to run wery smoothly.
Howewer, the highlight of this period was the successful planning and
testing of the Trajectory Correction Manoeuvre (TCM-0).

Given the slight over-performance of the Soyvuz-Fregat launcher, it
was decided to do the TCM-0 in direction of Earth in order to make
best use of fuel. The movement (slew) of the spacecraft was enabled
at 06:20 CET, started 06:43 and was completed 07:13.

Subseguently, the TCM-0 started at 07:38:52, had a manoeuvre
duration of 48 second= and a magnitude of 0.5 metres per second.
Azzezzment of the manoeuvre afterwards bazed on Doppler data
indicated that the manoeuvre duration was about 1 =ecand less than
commanded with negligible error in perfformance.

At 08:33 the spacecraft was turned back to the starting attitude. This
completed the foreseen activities for this period.

The support from the ESA and NASA Deep Space Network ground
stations has been very good throughout the LEOP.

TCHM/S
CTH

(1)

S s VT T L T %

O e e e e e o m
B IR OO W Sy Y

L% I % % I P ]
[ T e e I Ve R

Cruise

Date Event Duration Delta v [m/=]
[2] Actual
Bi Mono
(2] (3) i4) (5] (&)

05.11.57 Vi1-Launch 34,13 2,70
25.02.88 V1 0,18
Canceled V1
Canceled WVZ-CA
03.12.598 VZ2-D5HM 5.275,23 450,00
04.02.99 V2 125,21 11,55
18.05.899 V2 0,23
Canceled V2
06.07.99 Earth 466,91 43,49
13.07.99 Earth 54,63 5,13
02.08.99 Earth 383,78 36,29
11.08.589 Earth 128,46 12,25
31.08.99 Earth-CA 69,90 6,69
14.06.00 Flush 5,74 0,55
Canceled Jupiter
Canceled Jupiter
28.02.01 Flush 5,32 0,51
01.04.02 Flush 9,85 0,89
01.05.03 Flu=sh 17,53 1,58
27.05.04 Phoebe 382,00 34,70
17.06.04 Phoebe-Ch 38,38 3,68
Canceled Pre 501

609,399 0,40

Cassini-Huygens




N{iﬁﬁ MARS InSight Mission

Contrairement a ce que l'on pourrait penser, la
fusée utilisée pour InSight n'est pas pointée
directement vers Mars, bien au contraire. Les
regles de protection planétaire, qui stipulent
gue dans l'exploration martienne, tout doit étre
fait pour éviter de contaminer la planete rouge
avec des germes terrestres, ont ici une
conséquence étonnante. Les engins robotiques
martiens sont effectivement lancés de maniere
a rater leur cible, ceci pour empécher l'étage
supeérieur du lanceur, qui suit les sondes sur leur
lancée, de s'écraser sur Mars.

InSight n'étant pas tiré précisément en direction
de Mars, des manoeuvres de correction de
trajectoire sont programmeées tout au long de
son voyage pour éliminer la dérive placée
volontairement au départ, et ramener la sonde
sur le droit chemin.

3

TCM-1
(17 days after launch)

TCM-6 (22 hours before landing)
TCM-5 (8 days before landing)
TCM-4 (15 days before landing)

TCM-3 (45 days before landing)

”

P
TCM-2

(121 days before landing)




MARS InSight Mission

Date (subject to change)

May 22, 2018
17 days after launch

July 28, 2018
121 days before landing

Oct. 12, 2018
45 days before landing

Nov. 11, 2018
15 days before landing

Nov. 18, 2018
8 days before landing

Nov. 25, 2018
22 hours before landing

Trajectory Correction
Maneuvers

TCM 1

TCM 2

TCM 3

TCM 4

TCM 5

TCM 6

Activity

To point InSight towards Mars and
fine-tune its flight path after launch.

To point InSight towards Mars.

To make sure InSight travels at the
right speed and direction to arrive at
correct location at the top of the
Martian atmosphere before its
planned landing.



6. Interplanetary Trajectories

6.2 Lambert’s problem

fsopecn fpoce Cpmations Canke
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Nontangential Burns

Section 6.1 discussed Hohmann interplanetary transfers,
which are optimal with respect to fuel consumption.

Why should we consider nontangential burns (i.e., non-

Hohmann transfer) ?

Aw

Initial Alt  Final Alt y Bi-elliptic Tirans
(km) (km) trans, - Transfer Alt (km) (km/s)
Transfer to Geosynchronous
Hohmann 19134411  35,781.35 3.935 3.256
One-tangent  191.344 11  35,781.35 160° 4.699 3.457
Bi-elliptic 191.344 11  35,781.35 47,836.00 4.076 21.944
Transfer to the Moon
Hohmann 191.344 11 376,310.00 3.966 118.683
One-tangent  191.344 11 376,310.00 175% 4.099 83.061
Bi-elliptic ~ 191.344 11  376,310.00 503,873.00 3.904  593.919

LOS
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Non-Hohmann Trajectories

Solution using Lambert’s
theorem (Lecture 05):

If two position vectors and the
time of flight are known, then the
orbit can be fully determined.
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NASA Insight: 205 days vs. 258 days

3

TCM-1
(17 days after launch)

TCM-6 (22 hours before landing)
TCM-5 (8 days before landing)
TCM-4 (15 days before landing)

TCM-3 (45 days before landing)

~ TCM-2

(121 days before landing)




Venus Express Example

Earth Departure

Venus Arrival

FP
Date Liftoff | V- f;q Date Hour | V- > J

261005 | 0443387 | 27855 | 25614 | 060406 | 211627 | 46215 | 88153 | 128265
371005 | 0437424 | 27855 | 25614 | 07.0406 | 021256 | 46192 | 88242 | 128284
258.10.05 04:31:46 4 27855 26614 07.04.08 07:02:54 46171 ga3z 2 128299
791005 | 0425360 | 27855 | 25613 | 07.0406 | 114626 | 46153 | 88393 | 128309
30.10.05 04:19:259 2.7855 -26613 07.04.06 16:24-56 461349 8845 4 128315 1
31.10.05 04:13:107 27855 -26613 07.04.08 20:57-02 4 6128 gas0.v 128315
01.11.05 04:06:501 2.7855 -26613 08.04.05 01:22:50 46121 8854 .9 128309
02.11.05 04:00:23 6 2.7855 -26613 08.04.05 05:41:07 46119 gasg.2 128296
031105 | 0363504 | 27855 | 25612 | 080406 | 095223 | 46120 | 83605 | 1268275
041105 | 0347094 | 27855 | 25612 | 080406 | 135336 | 46127 | 88619 | 128242
051105 | 0403211 | 27904 | 21052 | 100406 | 172706 | 46059 | 87698 | 129102
06.11.05 03:67-04 2 2.7904 -21.051 10.04.06 18:29:06 4 6036 grev.5 129195
071105 | 0344321 | 27904 | 21051 | 100406 | 121022 | 46033 | 87900 | 129054
081105 | 0339303 | 27904 | 21051 | 110406 | 042618 | 45399 | 87338 | 129850 | 2
091105 | 0333345 | 27904 | -21.050 | 110406 | 081625 | 45990 | 87153 | 129704
101105 | 0326407 | 2.7904 | -21.050 | 11.0406 | 112604 | 45986 | 86974 | 129837
11.11.05 03:19:19.0 2.7904 -21.050 11.04.06 14:27-44 4 5987 ge7v.a 12996 4
121105 | 0319328 | 28560 | -19502 | 120406 | 091237 | 45983 | 85826 | 130610
131105 | 0312433 | 2.8560 | -19502 | 120406 | 115655 | 45984 | 85528 | 130801 | 3
121105 | 0304402 | 2.8560 | -19502 | 120406 | 141226 | 45990 | 85235 | 130971
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Porkchop Plot: Visual Design Tool

C3 contours

a
/

C3 contours

et

Arrival date

Departure date

In porkchop plots, orbits are considered to be non-coplanar and elliptic.
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NASA /TM—1998-208533

Interplanetary Mission Design Handbook:
Earth-to-Mars Mission Opportunities and
Mars-to-Earth Return Opportunities 2009-2024

L.E. George
U.S. Air Force Academy, Colorado Springs, Colorado

L.D. Kos
Marshall Space Flight Center, Marshall Space Flight Center, Alabama

HUMAN MARS DESIGN REFERENCE MISSION OVERVIEW

The design reference mission (DRM) 1s currently envisioned to consist of three trans-Mars
injection (TMI)/flights: two cargo missions in 2011, followed by a piloted mission in 2014. The cargo
missions will be on slow (near Hohmann-transfer) trajectories with an in-flight time of 193-383 days.
The crew will be on higher energy. faster trajectories lasting no longer than 180 days each way in order
to limuit the crew’s exposure to radiation and other hazards. Their time spent on the surface of Mars will
be approximately 535-651 days (figure 1). A summary of the primary cargo and piloted trajectories is
summarized in table 1.
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Earth-Mars Trajectories
2013/14 Piloted Missions
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Departure: 1/20/14 (56678T) Asrival: 6/30/14 (568397])

L=L atest possible trajectory to keep flight time limited to 180 davs. The acceptable window of cpportunity
for launch will be along the arc from E to L.
Latest Departure: 1/22/14 (56679]) Arrrval: 7/21/14 (568591



............................ Ilars Orhit
s Filoted Trajectories
Mars @ Departure — B Sty on Mars Surface

Jan. 24, 2016, .,

Return Inbound
Trajectory

Eart @\

Departure

) Jan. 20, 2014 ¢
\.\‘

Earth @ Arrival

\ . June 26, 2016 ! ;

s _#
e -

\Mars Surface Stay Time: 569 days (
- / Mars Perihelion:

January 22, 2013

Ba S e B December 10, 2014

Figure 1. 2014 primary piloted opportunity.



Launch TMI Velocity Mars Transfer

Date AV Losses Arrival Time

Mission (m/dAyr) (m/sac) (m/sac) (km2/sec?) Date (days)

Cargo 1 11/8/11 3,673 92 8.95 8/31/12 297

Cargo 2 11/8/11 3,695 113 8.95 8/3112 297

Primary Piloted Mission Opportunity 2014

T™MI Velocity Outbound | Mars Mars Mars TEI Earth | Total
Launch AV Losses Cq TOF Arrival Stay Depar AV TOF Arrival | TOF
Date (m/sec) (m/sec) | (km2/sec?) (days) Date (days) Date (mfsec) | (days) Date | (days)
1/20/14 4,019 132 15.92 161 6/30/14 573 1/24/16 1,476 154 6/26/16| 888
1/22/114 4,018 131 15.92 180 7/21/14 568 2/9M16 1,476 180 8/716 928




6. Interplanetary Trajectories

)= | Gravity assist
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AV Budget: Earth Departure

C3
Planet (km2/s2)
Mercury [56.25]
venus 6.25
Mars 8.41
Jupiter 77.44

Saturn 106.09
Pluto [139.24]

Assumption of circular,
co-planar orbits and
tangential burns

LV Performance [kg]
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Table 2.9.1-1: Earth Escape Proton M Breeze M Missions

C3 Parameter (km°/s) Payload Systems Mass (kg)
-5 6270
-2 5890
0 5650
5 5090
10 4580
15 4110
20 3685
25 3295
30 2920
35 2575
40 2260
45 1990
50 1750
55 1525
60 1305
65 1120
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AV Budget: Arrival at the Planet

A spacecraft traveling to an inner planet is accelerated
by the Sun's gravity to a speed notably greater than the
orbital speed of that destination planet.

If the spacecraft is to be inserted into orbit about that
iInner planet, then there must be a mechanism to slow
the spacecratt.

Likewise, a spacecraft traveling to an outer planet is
decelerated by the Sun's gravity to a speed far less than
the orbital speed of that outer planet. Thus there must
be a mechanism to accelerate the spacecratft.
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Prohibitive AV Budget ? Use Gravity Assist

Also known as planetary flyby trajectory, slingshot
maneuver and swingby trajectory.

Useful in interplanetary missions to obtain a velocity
change without expending propellant.

This free velocity change is provided by the gravitational
field of the flyby planet and can be used to lower the Av
cost of a mission.
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What Do We Gain ?
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http://upload.wikimedia.org/wikipedia/commons/e/e2/Jupiter.jpg
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http://upload.wikimedia.org/wikipedia/commons/e/e2/Jupiter.jpg

A Gravity Assist Looks Like an Elastic Collision
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Leading-Side Planetary Flyby

A leading-side flyby results in a
decrease in the spacecraft’'s
heliocentric speed (e.g., Mariner
10 and Messenger).

dy
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Trailing-Side Planetary Flyby

A trailing-side flyby results in an
increase in the spacecraft’s
heliocentric speed (e.qg.,
Voyager and Cassini-Huygens).

To the sun
ug

o, Vw}

b,

-y

63



What Are the Limitations ?

Launch windows may be rare (e.g., Voyager).

Presence of an atmosphere (the closer the spacecraft can
get, the more boost it gets).

Encounter different planets with different (possibly harsh)
environments.

What about flight time ?
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Cassini Interplanetary Trajectory

-~ Second Venus
June 24, 1999

July 1, 2004
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J : Saturn Orbit
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October 15, 1997 ‘
B . Jupiter Swingby
—_— December 30, 2000
NP8 e - Launch to 1st Venus Swingby
15t Venus Swingby to 2nd Venus Swingby
L First Venus Swingby 2nd Venus Swingby to Earth Swingby, Past
April 26, 1998 Jupiter to Saturn

See Lecture 1



1. Launch, March 2, 2004
2. First Earth flyby, March 3, 2005
3. Mars flyby, February 26, 2007

4. Second Earth flyby, November 14, 2007

s Orb
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5. Asteroid Steins flyby

6. Third Earth flyby, November 11, 2009
7. Asteroid Lutetia flyby

8. Arriving at the comet in 2014

9. Rosetta observes comet 87P/Churyumov-Gerasimenko
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https://solarsystem.nasa.gov/multimedia/gallery/Chmielewski-3.jpg
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Technicianz prepare MESSENGER for tranzfer to a
hazardous proceszing facility prior to leading the

zpacecraft's complement of hypergolic propellants.
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Hohmann Transfer vs. Gravity Assist

Gravity assist

o) C3 Transfer time Real C3 Transfer time
anet | (kmz/s2) (days) mission | (km2/s?) |  (days)
Mercury [56.25] 105 Messenger 16.4 2400
Saturn | 106.09 2222 Cassini 16.6 2500
Huygens

Remark: the comparison between the transfer times is difficult,
because it depends on the target orbit. The transfer time for gravity
assist mission is the time elapsed between departure at the Earth

and first arrival at the planet.
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Cassini Classical Orbit Elements

Time (UTCGE): 15 Oct 1997 89:18:54.000

semi-major fA«<is (km):
Eccentricity:
Inclination {degl:
Eoat (deqg):

Arg of Perigee (deg):
True Anomaly (deg):
Mean” anomaly (deg):

6635, 637000
0020566
30000
150,546
230,000
136.530
134.2891

ASTroc

8. Interplanetary

namics
(AERO0024)

‘rajectories
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