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loday’s topics:

e \/s-viva equation

e Escape velocity

e Hohmann transfers

¢ |nterplanetary Hohmann transfers
o [lybys

e Rocket equation



Vis-viva equation



Vis-viva equation

velocity Gravitational Constant mass of planet

/ \

distance from planet semimajor axis

Comes from conservation of energy and angular momentum.



Ihe vis-viva equation Is usetul for calculating:

e Escape velocity
e Hohmann transfers
¢ |nterplanetary Hohmann transfers



Escape velocity

1. Solve vis-viva for velocity

, 2 1
v = GM
roa

2. What is r ? What is a ? Hint: which
conic section is this trajectory”?
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Ihe vis-viva equation Is usetul for calculating:

e Escape velocity
e Hohmann transfers
¢ |nterplanetary Hohmann transfers



Hohmann transter

Goal: Move a spacecraft from a
circular orbit of radius r1 to a
circular orbit of radius r2




Hohmann transter

1. Calculate the velocity of the
spacecraft on the initial circular orbit of
radius r1 using the vis-viva equation




Hohmann transter

2.Calculate the elliptical transfer orbit
semi major axis and eccentricity
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Hohmann transter

3. Calculate the perigee velocity of the
transfer orbit using vis-viva

o
D




Hohmann transter

4. Calculate the Delta-V required for
the first maneuver

AVI = Vor — Ve1

GM 1 GM
)
’”1\ 1 +— "
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= | —— 211 = —1
r 2
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Hohmann transter

5. Calculate the apogee velocity of the
transfer orbit using vis-viva

VaT: GM
r d




Hohmann transter

0. Calculate the circular velocity of the
final orbit using vis-viva

\/ (2 1)
ch — GM
r A




Hohmann transter

/. Calculate the Delta-V required for
the second maneuver

AVy =V, —vr
GM 1 GM
=,./— |2]1 —| —1/—
) \ 1 +— )
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= |—— 211 - — 1
r s
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Hohmann transter

8. Calculate the total required Delta-V

A‘/Z‘Ot — AVI —+ AVZ




Ihe vis-viva equation Is usetul for calculating:

e Escape velocity
e Hohmann transfers
¢ |nterplanetary Hohmann transfers



Review of hyperbolic orbits



Hyperbolic orbits

Voo
\ o . .
} covmptots The vis-viva equation still holds!
v > GM  GM
» 2  r  2a
Veo ™ hyperbolic approach and
?:;::t:'rto b\;e(ljzci&‘v relative Oq
e vy \ Unlike the escape velocity
SrTIve) Soympion /<\ 3 - % calculation, a spacecraft on a
Y = tuming angle of passage v , ,
hyperbolic orbit about a planet
leaves the sphere of influence of
e that planet with some excess
velocity.
/ 2
" Arrival VOO GM

Voo asymptote

7 2a



Interplanetary Hohmann [ranster

Mars




ClrcC

AVl — Vhyp — V



Interplanetary Hohmann [ranster

Mars

Vp/M VM/S

circe




Cclrc

AVZ — Vhyp — V




Mars Reconnaissance Orbiter
MOI: 10 Mar 2006 MER-B (Opportunity)
EDL: 25 Jan 2004

30 week:
- 29 weeks
~

Trajectories of NASA's missions to Mars
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f we don't execute a capture burn, we can perform a flyoy.



= hyperbolic approach and

« true anomaly of asymptotes

= B.plane miss distance;

= turning angle of passage

INnterplanetary assists - flyby maneuvers

\ The spacecraft approaches the
7 covmetons planet with a speed (with
respect to the planet) of v

't leaves the planet with the
same speed with respect to the
planet, but at a different angle.

- 4 v ] L+v2r\
SIN — = — =
2 e GM

This rotation creates a Delta-V
with respect to the Sun.

departure velocity relative
10 target body M

offset in plane 1 to
arrival asymptote

’ Arrival . \P



VOYAGER 1 VOYAGER 2
Launch Launch
5 Sept 77 20 Aug 77

VOYAGER 2

/.

Jupiter _ eyﬁungﬂ
r‘f{- ;Q 25 Aug 8Y
O Mar /¢t _

Uranus
24 Jan 86
Jupiter
9 July 79

Saturn
2 Nov 80
12 Noy N
Saturn
25 Aug 8







Out-of-plane maneuvers

Consider a simple plane change
0= Ai
N
AV AV = 2V, sin (%)

The change In velocity IS
oroportional to the initial velocity.
't costs a lot of propellant to
change the inclination of an

orbit.

Best to let physics help you with
these maneuvers.




We execute these Delta-V maneuvers with propulsion.



The rocket equation

AV =v, In "prop T Mary
Ve
mdry

AV
Mo = Mgpy | €7 — |

Derived in the lecture supplements.

Ve — go ISP



The rocket equation

+ Mgy

Some things to note: AV = 1n [ 27

- mdry
e [ora given AV, propellant mass

iIncreases linearly with dry mass.

 T[hereis an "exponential wall” AV
associated with AV. Mass ratio Myrop = Mery (6 e — 1)

iIncreases exponentially as AV

INncreases.

e [or a given propellant mass and dry
mass, AV increases linearly with ISP

Ve — g() ISP



SATURN U LAUNCH VEHICLE
|

DIAMETER 33 FEET

HEIGHT I38 FEET

WEIGHT 5,031,023 LBS. FUELED
294,200 LBS .DRY

ENGINES FIVE F-

PROPELLANTS LUQUID OXYGEN (3,258,280
LBS.) RP-l (KEROSENE) -
(1,417,334 LBS.)

THRUST 7,680,982 LBS.

|

Staging

SPACECRAFT 82 FT.

SECOND STAGE (S-11)

® [0 date, there are no single-stage s
to orbit rockets f?i‘il{iif . A
ORI ENGINES FIVE J-2
e Staging is used to jettison the dry

PROPELLANTS LIQUID OXYGEN (829,114
Mmass of expended stages

® [he rocket equation is applied to
each stage, taking into account that
each stage must accelerate L FIRST STAGE L) UGUD HYDROGEN
subsequent stages L S————

|

DIAMETER 2.7 FEET
HEIGHT 3 FEET
WEIGHT 4,254 |BS.

|

THIRD STAGE (S-1VB)

DIAMETER 21.7 FEET

HEIGHT 58.3 FEET.

WEIGHT 261,836 LBS. FUELED
25,750 LBS, DRY

ENGINES ONE J-2

PROPE LLANTS LIQUID OXYGEN (190,785

SATURN V LAUNCH VEHICLE ~28I FT.

NOTE: WEIGHTS AND MEASURES GIVEN ABOVE ARE FOR THE
NOMINAL VEHICLE CONFIGURATION FOR APOLLO 10. THE
FIGURES MAY VARY SLIGHTLY DUE TO CHANGES BEFORE
LAUNCH TO MEET CHANGING CONDITIONS.







Chemical Propulsion

® Energy Is stored in the molecular
bonds of the propellant, and is
transformed into kinetic energy via
expansion

* |ncludes cold gas thrusters
(ISP~75 sec), liguid propellants
(ISP~400 sec, AV>1 km/s), and

solid propellants (ISP~200s)




Electric Propulsion

® [nergy comes from accelerating
particles through magnetic fields

e \ery high ISP (up to ~10,000 sec),
but low thrust (<1N)

¢ |nclude electrostatic and
electromagnetic thrusters

F=qvXhb
I'=qk

Schematic layout of a Pulsed

Plasma Thruster

Discharge
capacitor

Teflon fuel
block

Spark plug

Cathode

Pulsed plasma thruster




Thruster

Cold gas

Chemical
(monopropellant)

Chemical
(bipropellant)

Resistojet
Arcjet
lon thruster
Hall thrusters

PPTs

Specific
Impulse

(8)
50-75
150-225

300-450

300
500600

2500-3600
1500-2000

8501200

Input
Power
(kW)

0.5-1
0.9-2.2

0.4-43
1.5-4.5

<0.2

Efficiency
Range
(%)

65-90
25-45
40-80
35-60
7-13

Propellant

Various

N,H,
H,0,

Various

N;H4 monoprop
N,H, monoprop
Xenon

Xenon

Teflon



C
O

Other propuls

S

e Solar sa
e [cthers

e (Gigawatt lasers (?)



