UtahState

UNIVERSITY

What Happens at Launch?
e Velocity and Position at Burnout Determine Orbit
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What Happens on Launch?

s[4 Kennedy Space Center (KSC)

w2l 920 £

225

- Example

Due-East Launch
28.8 Inclination Orbit

Azimuth=
Angle from due north

Launch Angle =
90° - Azimuth

A =90°

z
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What Happens on Launch? con
- Example
Kennedy Space Center (KSC)

Due South (from east )Launch Direction

90° Orbit Inclination

A =180°

Z

b= —90"
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What Happens on Launch?

- Example

Kennedy Space Center (KSC)

30° North (from east)Launch Direction

40.# Orbit Inclination Huh?
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What Happens on Launch? o

Example
Kennedy Space Center (KSC)

30° South (from east)Launch Direction
40.44° Orbit Inclination

uh?

lw\
— 1 2 O O

¢ =—30" 5
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Achieved Orbit Inclinations

0° Launch Angle 28,6 Inclmation
J0°Launch Angle 50" Inclimation
30° Launch Angle — 40.44° Inclination
-30° Launch Angle [nclimat

MechianiCallCdrle oS pHac: e
Engimmeering

4) 44° Inclination

What?! Doesn't add up ...

MAE 5540 - Propulsion Systems




UtahState INtechanicsledhienospace,

SRYERSIY "Spherical Geometry”
Kennedy Space Center (KSC)

30° North (from east)Launch Direction

* Non-Euclidian Space ...  40.4# Orbit Inclination
'

Addition Doesn't
Exist! in this

Abstract Space
launch angle
"Spherical Triangle"

launch latitude
1 inclination angle

\1

MAE 5540 - Propulsion Systems




UtahState INtechsnicSledhenospIce,
U N I V E R S I T Y Engineering

"Spherical Geometry"

“fixed earth
- Non-Euclidian Space ... ation”
Addition Doesn't approximation

A%x ItSt' I{‘Sth is cos(i) = cos()\)-sin(AZ) = cos()\) : sin(90° — (b) =
strac dace
P cos()\)-[sin(900)-cos(—gb) + 003(900) : sin(—qb)l = cos(A) -cos(gb)

launch angle

launch latitude
. . . . Launch Angle sometimes expressed as
1 inclination angle "azimuth" ... angle from local true north

A =90°—\

 then a m|racle occurs:
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Direct Launch Inclination Angle

180° - .

E Tcos'-cos 300180" X c0s| 28.6° 1800‘-40.44°
180 . y

| E Tcoslhcos 30"180O X €08 286°1800 ‘-40.44 |
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Achievable Direct-Launch
Inclination Angles

160 Orbit Inclination Angle, °

* No way to get directly
to Equatorial orbit from KSC

140 —

o

120 - *28.6° inclination is
lower limit

100 —

Retrograde Orbit

80 -

60 —

Orbit Inclination,

40 - KSC Launch Polar orbit

Latitude, 28.6°

20 = I I I I I
-200 -100 0 100 200

Launch Angle (Counterclockwise ° from due east)
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Achievable Direct-Launch
Inclination Angles

160 - Orbit Inclination Angle, °
o Almost can Achieve
120 - Direct launch to
& Equatorial orbit
0
i)
© B
c 80 Retrograde Orbit
O
=
=
o) 40 -
o)
French Guyana (Ariane) Polar orbit
Launch Latitude, 5.3°
0 _ll [ | [ [ !
-200 -100 0 100 200

Launch Angle (Counterclockwise ° from due east)

11
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.........
......

See Appendix II for
rigorous derivation

e Physically Impossible to Launch Directly into an orbit with a
Lower inclination Angle than the Launch latitude

*Physically Possible to launch directly into any
orbit with an inclination angle greater than or equal to

MAE 5540 - Propulsion Systems launch latitude 12
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Appendix II: Rigorous Derivation of
Realizable Launch Inclination

e Launch Initial Conditions North
Pole _ .
e Position: A, Latitude | Greenwich Meridian
Q, LOIlgitlld€ (Inertlal) L 4 Launch meridian
h, Altitude ) '
E 5 ,'
ator a8
qu / ! ?}g\ﬁ, 7
U A y
T‘“ _
‘Y A _'_._I.I' _
V- N
ernal _ _ o
Equinox -9

1
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e [_.aunch Initial Conditions

| Greenwich Meridian

~Launch meridian

e [Launch Initial Conditions
(Inertial Coordinates)  Eauator

21| [[Reartn+ by ] cos[ A,

Vernal _ ] -
QO = 60 + Og Equinox .E“— g-—""
Sidereal hour angle
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North
Pole
4
. . G ich
As the world turns! _=Fe~_  meridian

MRotation = R Y %
cos[0;] -sin[f;] ©
sin|f| cos [0] ©

o of L
Greenwich Sidereal T

(Hour) Angle Vernal
Equinox ~—— A —
(Mean) 0

Ignore for now!
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y OG Historically Expressed in Hours
.. Sometimes referred to as Greenwich

Mean Sidereal Time ... but we are going to
treat it as an angle

0= Ocath X | Tonst - Timaong

- Sidereal time is a measure of the Earth's
rotation with respect to distant celestial objects.
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e Earth Radius

e Earth radius as Function of Latitude

B dequitorial
Rea rth — - _

€s.. . A
,\/ | + == gipd A b_—""]

. | - ega rth - R
prIar earth
teuioal = 6378, 13649 ki %

bpolar = 0356.7515 km

Cearth — /\/ B bpolar r
dequitorial — Qequitbrial ™
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UNIVERSITY * Initial Velocity Vector

after the rocket “turns the corner”

f h { arbit altitude)
e Launch Initial Conditions ~>
b
e Velocity: V, (earth relative vel.) ‘
y (flight path angle) S];?;'l;(lil;-Up" o
¢ (launch azimuth) minimize Drag

[ (earth)
Direction of Earth Rotation Vbc-:-st
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UNIVERSITY e Initial Velocity Vector

after the rocket “turns the corner”

e [_aunch Initial Conditions

_ _ VO COS((I)) cOs (Y) North
Vnorth P°||e Greenwich Meridian
Veast =1 Vo Sln(¢) COS ('Y) Launch meridian
_ Vdown 1o
—VO Sln('Y) | Equator

+ rotational velocity

of earth
V, (earth relative vel.) Y N 7
y (flight path angle) vemal | S\ TESSE

¢ (launch azimuth)

1
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e Earth “Boost”

}\ 0= geocentric latitude

oot = [Reantt Do) [@eamcOS[ A ] ]

launch
o . Earth Rotates Under the Orbit
* Launch Initial Conditions —l=
Fixed in
(earth) Inertial Space

V 1oost acts due east

V "boost" l

20
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* Angular Velocity of Earth

Angular Velocity of the Earth
1 Solar Day = 23 hrs 56 min 4.1 seconds = 86164. 1 seconds

360°
_ _ 1ad
Ceartn = G167 T seconds 1800~ 00007292115 e
o . Earth Rotates Under the Orbit
* Launch Initial Conditions e —l=
(earth) Inertial Space

V 1oost acts due east

B V "boost" l

S
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* Initial Velocity Vector

after the rocket “turns the corner”

e [_aunch Initial Conditions

]

I Vo cos(q)) cos (y)
I Vnorl:h |
Veast — V0 sm((b) COS (Y) T [R‘-‘alﬂl+ hO] [Qearch COS[ )\O] ]
i Vdown 1o launch
- -Vpsin(y) _

[launcll azimuth (from die north)

geocentric latitude }

MAE 5540 - Propulsion Systems
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Inertial Velocity nitial condition)
I Z
5 A

Rotate Through Latitude First ]
2-rotation \)\+n ”
* Clock-wise rotation \
" cos| L+ A 0 s T4+ ] T 4
cos[ ; ] sn{ ; - l /
Ml: 0 1 0 =
- Sil{ 12[-+ 7»‘ 0 cos{ g—+ 7&] _
i suf L] 0 -cos: A ]
0 ~1 0 ) —
i cos[ )\] OH““H;_@L: Ia _ mﬁ[%* | =008 %]005[ ’*]5“‘[%]5‘"[ )= -SI[ ]
No 1 (X-axis) rotation = ™~ Gnrx 4 31— cosl X i 31+ sin[ X 21 5
Needed Why? z* already points mk €S| 5 B[ A+ sinf - | co] A= cosf 3]
Towards center of earth s
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Rotate Through Longitude Next

i | - Clock-wise rotation

cos[ 0] -si[<p] 0
Ms=| sin[<0] cos[%p] O
0 0 ]

24

MAE 5540 - Propulsion Systems




UtahState INiechanicslcdresospac e,
U N I V E R S I T Y Engineering

Inertial Velocity (Initial condition)

L Vz J Inertial

" cos[Q]sinrg  -Sin[Qo]  -cos[Lqy] cos i)
-sin[QO] sin[lo] COS QO] 'Sin[Qo]cos [)\0]
cos [lg] 0 -sin [7\9] ]

Vo cosI:q):I cos (y)

Vo shll:q):l cos (y) + [Reanh+/lo] Qearm COS [:}\0)
-Vi Sill(Y)

25
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Initial Conditions In Inertial Coordinates

- Inertial

_:Realth‘l' ho

_Realth‘|' hO

i [Realth+ hO ]

Vx

Vy

Z

" cos[Q] sinfho] -Sin[Qq] -cOS[Qo] cos k]

-sin[£2;] sin[kg] cos[€2g] -sin[$2g]cos [7\0]
0

cos [ko]

-sin [7\0]

MAE 5540 - Propulsion Systems

cos[ A,] cos[d,]
cos[ A, sin[d]
sin[ A ]

Inertial

IMechanicIledrenospace)

Engineeri

A\ cos|:¢:| cos (y)

V,sin (V)

26
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Inclination Angle

[=RxV || cos (i) = W:W
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Launch Site Info This VI calculates Launch Initial Conditions

Latitude (deg) from user inputs for launch site and rocket data.
’r) 28 50 a N
Longitude (deg) iu;r::. Launch Initial Conditions
:;‘J “82 00 | Feenarch Meridian
Launch Altitude, h (kn Lawich meridian
:-:J 23.00

L aunch Azimuth, ¢ (d Equuter

’BJ 0.00

Rocket Info 673249569

Equinoe B T
Inertial Coordinates | aunch Velocities Inertial Velocities
Vr
Vnorth (km/s 000
Ia.nnnnnn
Vnu
Veast (km/s) o
|0.40842¢ '
Vdown (km/s
-0.000140
28
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Launch Site Info

Latitude (deq)

".-;I 28.50

L ongitude (deqg)
'I.-;I -82.00

Launch Altitude, h (kn
'I.-;I 25.00

Launch Azimuth, ¢ (d

'I._.-:;I &0.00

Rocket Info

Equinoz

TT9.497592

-2546 412139

a041.051356

This VI calculates Launch Initial Conditions
from user inputs for launch site and rocket data.

Inertial Coordinates

0.0001 26

B3T3 248569

000 |

Launch Velocities Inertial Velocities

Vr
Vnorth (km/s 0.0
|z 200000 v
Veast (km/s) I%

IT".1 o344

Vdown (km/s
I-EI 0001 36 3427452 29

Launch Initial Conditions



Launch Site Info This VI calculates Launch Initial Conditions

aunch site and rocket data.

Latitude (deg) from user inputs for

LJ,I 23 50
Longitude (deg) o
ij,l -52.00 |
Launch Altitude, h (kn
'I.-;I 25.00

Launch Azimuth, ¢ (d Equiter

'I..-:;I 20.00

Rocket Info

Launch Initial Condition

eenarch hMendian

Lamch meridan

& 75245569

Inertial Coordinates | aunch Velocities Inertial Velocities

Vnorth (km/s

<

0.00

779 497392 |.;._.;..;..;..;..;..;. 7 930504

<
3
=

Veast (km/s) e
IE.EIEIEMEE- 1.114442 .

Vdown (km/s

3041.051386 I—I:I.IIIIIIEH 33 0.000063




Launch Site Info
Latitude (deq)

'I._::l 28350

Longitude (deqg)
'I.-;:l -22.00

Launch Altitude, h (kn
'I.-) 25.00

Launch Azimuth, ¢ (d

“_Tj 120.00

Rocket Info

This VI calculates Launch Initial Conditions

from user inputs for launch site and rocket data.

Equaar

Fenal .
Equnoz T

Inertial Coordinates

Launch Velocities

TTI 497332

-5546 412139

2041 051236
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Launch Initial Condition:

E57E 2483569

Inertial Velocities

Vnorth (km/s

|—3.9I:IEIEIEII:I
Veast (km/s)

I?.1 E5424
Vdown (km/s

I—D.DDD1 1]

Vr
0.aa
Vnu
|8.1E~
31




Launch Site Info This VI calculates Launch Initial Conditions
Latitude (deq) from user inputs for launch site and rocket data.

'I.-jl 28.50

L ongitude (deg)
'I.-j -82.00

Launch Altitude, h (kn
'I.-j 25.00

Launch Azimuth, ¢ (d

:-') 120 .00

Launch Initial Conditions

Rocket Info 6373248560

Inertial Coordinates Launch Velocities Inertial Velocities

Vr
Vnorth (km/s 000
-2.000000
Vnu
Veast (km/s) o
|0.40842¢ |
Vdown (km/s
|-0.000140
32
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