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Launch Phases and
Loading Issues-1
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= Byrotechnic shook = Reverberation from
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Launc
Load

h Phases and
ing Issues-2

Heat shield separation

= Mechanical and
pyrotechnic transients

Spin stabilization

* Tangential and
centripetal acceleration

= Steady-state rotation
Separation
= Pyrotechnic transients

0 ' Separation
Pyrotechnic shock

=

Spin Stabilization
Upper stage
Heat Shield Separation
.

Mechanical shock
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/,s\ Mechanical shock
y Vibration
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S/C{Heat shield relative deflection
Mechanicat vibration
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Transient Loads at Thrusting Cutoff

Base axial force launch transients - First stage cut off,

50000

gl

Base axial force launch transients - Second
stage cut off.
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Figure 8.8 Base axial force launch
transient for Ariane 4 first stage cut
off (Reproduced by permission of

Arianespace

)

anespace)

Fortescue, et al, 2003
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Time (s)

Figure 89 Base axial force launch
transient for Ariane 4 second stage cut
off (Reproduced by permission of Ari-

Properties of the Lower Atmosphere

Air density
and pressure
decay
exponentially
with altitude
Air
temperature
and speed of
sound are
linear
functions of
altitude

US Standard
Atmosphere,
1976
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Earth’ s High-Altitude

Temperature of the Density of the
Atmosphere Atmosphere
500 T T T T T Y0001y T T T T T T
i Apogee = 2465 km |
40T 80"\ sputnik-1 1
700 |(92\days in orbit) N
£ Vanguard-1
g00f §°°0 (still in orbit)
2 200~ § 400,
"N ﬂ
100 - = 1
100 [~ -
Atmosphere not well-represented Altitude Molecules/cc Mean Free Path
as a continuum at high altitude Sea Level 2x10°9 7x10%-6cm 7
600 km 2x 1077 10 km

Lower Atmosphere
Rotates With The Earth

« Zero wind at Earth’ s

4

surface = Inertially 5 ‘
rotating air mass 4 | Jet Stream (typical)
- Wind measured with g,
respect to Earth’ s I T e
rotating surface =
- Jet stream magnitude @ | _—

typica"y peaks at10-15- ° 0 20 46 60 Qo 100
km altitude Wind Speed, m/s




Jet Stream Produces High
Loads on Launch Vehicle

25

« Launch vehicle must able
to fly through strong % rencenTILE DEsicn

WIND SPEED PROFILE

Wind profiles CAPE KENNEDY., FLORIDA
+ Design profiles assume

95th.9gth-percentile worst
winds and wind shear
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10} ENVELOPL

SELECTED ALTITUQE
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99 PERCENTILE SHEAR
BUILDUP  ENVELOPE

EXTENSION OF SHEAR
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7O THE SURFACE
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o W20 20 4 S0 e 70 e % 10
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9
Aerodynamic Forces
\ Lift
Thrust
' Side Force
Drag Cy .
Side Force |=| C, 5 pv:s
Lift C,
+ V=air-relative velocity = velocity w.r.t. air mass
- Drag measured opposite to the air-relative velocity vector
- Lift and side force are perpendicular to the velocity vector
10
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Aerodynamic Force Parameters

p = air density, functionof height, A
= psealevele_ﬁh

Pseatever = 1.225 kg / m3; ﬁ = 1/9,042}77,
V= [vxz +v, 4] ]1/2 = [VTV]U2 ,mfs
Dynamic pressure = g = % pV?,N/m’

S = referencearea, m>

Cp
C, |=non-dimensional aerodynamic coefficients
C,

11

11

Aerodynamic Drag

1
Drag=C, EszS

Oncoming
Airstream

e e s

+ Drag components sum to produce total drag
— Skin friction
— Base pressure differential
— Forebody pressure differential (M > 1)

12
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Aerodynamic Moment

nnnnn

‘min “*min

Lengthwise lift variation causes bending moment

N'(x)=normal force variation with length = lift variation

13

N\

o L/ Typical Velocity Loss due
N\ to Drag During Launch

Aerodynamic effects on Thrustto- _ Velocity Loss,
launch vehicle are most Weight Ratio m/s
important below ~50-km 2 336
altitude 3 474
Maintain angle of attack and 4 581
sideslip angle near zero to .
minimize side force and lift 1010
Typical velocity loss due to .
. Dynamic

drag for vertical launch Presdiine; 5

— Constant thrust-to-weight N/m?

ratio
— CpS/m=0.0002 m%kg % 50 100 150
— Final altitude above 80 km Time, s

14
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4

800

400

Velocity, m/s

200

Effects of Gravity and Drag on
the Velocity Vector

Thrust/Weight = T/W = 2
Thrust = 1960

Thrust — [CDS%p(h)Vz(t) +mg sin y(t)}

Cp=0.2 V(l) =
S=0.1 m
Mass = 100 y(t)=—gcosy )/ V(t)
90
Rocket 53, ] Rocket Alone
Alone Pk % w:.t h @ - N\~ . with Gravity
i@ Gravity g, N =
g R
S Sa,
o o o
with Gravity ; - wrtgnﬁrgv:g
and Drag g 50
40
20 40 60 80 0 20 40 60 80
Time, s Time, s

Significant reduction in velocity magnitude

Strong curvature of the flight path

15

Velocity, nvs

Dynamic Pressure, Nm?

Flight Path Angle, rad
& &8 8 3 & 8

Typical
Properties
of Launch

Trajectories
®  Thrust/Weight = 2

= »
- &N w

Hd
@

Altitude, m

——— Mach number

Maximum
dynamic
pressure
Mach =1
maximum
drag
maximum jet
stream
maghnitude
tend to occur at
similar altitudes

|- 0.0001 Dynamic pressure

Time, s

1 15
Altitude, m

x 10"

16
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Gravity and
Drag Effects

Velocity, m/s

Flight Path Angledra

during
3
Single-Stage .
. 25 % ThrustWeight = TW = 2
Orbital £, e e
5 £ e
Lau nCh §1s g : p
E 1 E A E
n§ 05 2 win .

. Launch o 100 200 300 400 500 % 100— 200 300 400 500
trajectory using i T
flat-earth model = B

. L 20 .20 Mach number

* Red line é é ~ -~ 0.0001 Dynamic pressure
signifies 2" 2"
velocity due to g g
rocket alone 2 J

+ Several km/s : 100 200 300 400 500 Oor— 1 2 3 a 5
|°st to gravity Time, s Altitude, m x 1“5
and dra +  With higher T/W

9 — Shorter time to orbit
— Increased loss due to drag
— Decreased loss due to gravity 17
17
Typical Ariane 4 Launch Profile
7
s Relative velocity
Vr(m/s)
R Ground range
X(km)
Pitch angle z
adoo ¢ and
200 |- 1090 Acceleration
oo | g r(m/s?)
8000 8
3 150 F 3000
2 7000 70!
< 6000 60|
100 | s0po 200050
4000 40
30p0 30]
50 f 10p0
20p0 20
e | 19 Flight time
0 1 1 1 L 1 1 <
0 100 200 300 400 500 600 700 800 900 S
Fortescue, et al, 2003 18
18
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Ariane 5 Aerothermal Flux

2000 >
[ | == Aerothermal flux (W/m*)
1800 - Total absorbed energy b———zm===2ZZ2IZ27203
E (J/m? x 1072) e
1600 J—|========-- Mean absorbed flux (W/mg)' ,,,,,,,,,,,,,,,,,,,
1400 = -2 FAMNGIGHSONING] oo bl e
1200 - AC - ——m e

200 300 400 500 600 700 800 900

Fortescue, et al, 2011
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Orbital Lifetime of a Satellite

+ Aerodynamic drag causes orbit to decay  Arogee

2
AV _ _CoPVISI2_ _psyisso
dt m
B¥*=C,S/m
+ Air density decreases

exponentially with altitude

~hiheare

P =Ps.e
P, = air density at sea level

h

scale
- Drag is highest at perigee
— Air drag “circularizes” the orbit \—E—
- Large change in apogee
+ Small change in perigee
+ Until orbit is ~circular h :
« Final trajectory is a spiral Perigee 20

= atmospheric scale height 2

oy ____1_

A

P

=

20

10



Orbital Lifetime of a Satellite

+ Aerodynamic drag causes energy loss, reducing
semi-major axis, a

da

E = — ’#aB * pSLef(“’R)/hxmle

- Variation of a over time

a —(a—R)/h;

[ N =—\/HB*pSL_j).dt

£

+ Time, lgecay, to reach earth’ s surface (a = R) from
starting altitude, h,

— hscale hohscate
Liecay = Ju_RB oo (e 1)

21

21
NRL Starshine 1 Orbital
Decay (2003)
http://www.azinet.com/starshine/descript.htm »
22
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Diurnal Variations in Earth’s
Upper Atmosphere

Factor of 10 change in density

13, T T T T T .
km +20% change in temperature
\__/’%\ Large effect of solar activity
14 .
\—//w\ 2200
: 2000
=18 500
! 1000
o €00 x
e 21600
-~ 700
16 1400
- 800 2
21200
-17} 1000
800
.18 cnd V1 | 1 L
0 4 8 12 16 20 24 6°°o
Time (h)
Pisacane, 2005 23

23
Atmospheric :
Constituents
-.‘_‘_a,.xr‘—. | _‘7.1;_;7“.| ‘{?“' @g
- l._ a8 »
WO ey
000 \\'\ n \ T T T
’ \\ | e
; § b sl \ ¥ \Maximum solar activity_|
< Explorer-17 N \’%( um solar activity.
- ‘\ N
. - £ N
- Constituents at minimum oL e 1
and maximum solar activity ¢ “F/N b )
- Different scale heights for ~ ° \\‘\\ \\
different species a0l v\\\_\\\ ]
US Std. Atmos., 1976 bt 124
Number density (m-3)
24
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1000

Altitude (km)

800

600

400

Atmospheric
lonization Profiles

Midlatitude density profiles

®

Explorer-1

Neutrals
Solar
maximum

Topside
Solar ionosphere

minimum

Nighttime

electrons F2

F1

Daytime
electrons

D
1 | L

*Scale heights of
electrons, ions, and
neutrals vary greatly

‘lonospheric electric
field (set by heavy
oxygen atoms)

1 dominates gravity

field for lighter ions,

e.g., hydrogen and
helium

ot 102 108 104 108 106 107
Density (cm™3)

US Std. Atmos., 1976

25

25
Mean Free Path
A_ltiludc (km) A0 (m) Altitude (km) Ao (m)
100 0.142 300 2.6 x 10°
120 3.31 400 16 x 10°
110 18 500 77 x 10°
160 53 600 280 x 103
180 120 700 730 x 10°
200 240 800 1400 x 10°
+ At high altitude, the mean free path of molecules is
greater than the dimensions of most spacecraft
+ Aerodynamic calculations should be based on
free molecular flow
+ Heat exchange is solely due to radiation
Fortescue, et al, 2011 26
26
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Orbits About the Sun

Auturanal equinox
231° Equinoxes and Solstices for the
2 ! .
Eanths axis\# | Nomal Northern Hemisphere.

Nohpal The Southern Herr!.isphem
experiences the opposite seasons.

Winter solstice ! H

Earih’s orbit
,’ o e
[ Sept. 23 Tuly
, i
& . 152 nillion kra
. N —

June 22 o

"-8Dec. 22 ~ T am

147 rillion Jae Lo
" 1
January )
Mar. 21
oy ‘\ /i

urareer solstice

@1997 Oklshoma Climatological Survey.
All rights reserved.

27

27
Solar System Environment
Low- and high-speed particles Heliospheric Current Sheet
+ Solar wind
- Plasma consisting of electrons, protons, and alpha particles
+ Variable temperature, density, and speed
+ 1.5-10 keV
+ Slow (400 km/s) and fast (750 km/s) charged particles
+ Geomagnetic storms 28
28
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Sunspots and Solar Flares

A'_ ' Sunspots
1
b | v
K
250

T T T
SUNSPOT NUMBER Ri

200 Monthly
-~ Smoothed

150 -

100 -

(A A I kil

L P I |
1960 1970 1980 1990
Fortescue, etal, 2011  TIME (years)

29

10"
1010
L — Protons
10 N - - Electrons
A
\ =~
" \ ‘\\
10 ~ Electron flare envelope
\
= A
&2 107 \
g (August 1972 flare
5 108 N\ August 1972
2 * flare
=
o
i. 10
3
= 1041
[
g
£ 10°F
102 \
\\
101k b3 Galactic
ra protons
Quiet time™\ \
100k Sy Solar
‘\\nlaximum
10-1 Il L L e~

Particle energy (eV)

Fortescue, et al, 2011

P S T W |
10t 102 10® 10* 10° 10° 107 10° 10° 10™

Flux vs. Energy of Electrons and Protons

Deep Space Climate
Observatory (DSCOVR) at L1

NISTAR
3 Canity Radsometers
@2100m

Faraday Cup
~

6.8 Near )

SMEX-Lite ¥
Spacecraft Bus_

570 kg
GaAs Solar
(600W BOL , 9 AH T

p g A / " High Gain Antenna
Electron 4 140 kbps downlink
Spectrometer W Propulsion Module 2 kbpeupliak
O¥Hy 145 kg/600 m's) SW Transmitter
Magnetometer

30
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The Solar Spectrum

108 10 1617 1018 10" 1011 1p°

-

Solar irradiation curve outside atmosphere
Solar irradiation curve at sea level
‘\-—~ Curve for black body at 5900 K

-m\\\./'\a:—v——__.

103 F - - r
y-rays X-rays UV: — Radio
10 b i o
i
1071
2B fl.
A Lliy 6000 K
10 black body m
1o r
= .
€ 10 Large burst
s ol 3B flare
2 10° a ok
c
2 10 Large
% burst
2 10718
<
1015 F Large bursts 5k
10717 | Slow varying\ \-arge storm
5 component
o= O3,
1072 -
Quiet sun
1028 PR B Y TORETE WO

b EL,;
10712 4071 10 | 10

.
0% 102 1

1
Wavelength (m)

0
0 02 04 06 08 10 1.2 14 16 1.8 20 22 24 26 28 3.0

Wavelength A (um)

Fortescue, et al, 2011
31
31
Variability of Solar Radiation
Spectral region Wavelength Flux (J/(m? s m)) Variability
Radio A>1 mm 10-'1-10"7 x100
Far infrared 1 mm > A>10um 1073 Uncertain
Infrared 10um > A >0.75 um 1073-10% Uncertain
Visible 0.75um > A > 0.3 um 103 <1%
Ultraviolet 0.3um > A >0.12 um 10-1-10? 1-200%
Extreme ultraviolet 0.12um > A >0.01 um 107! x10
Soft X-ray 0.01um > A > 1A 1071-10~7 x 100
Hard X-ray 1A>2 10-7-10"8 x10- x 100
Fortescue, et al, 2011
32
32
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Van Allen Belis

Outer Belt
. 12,000 = 25,000 miles

GPS Satelites
12,500 miles

Geosynchronous Orbit (GSO)
NASA's Solar
» Dynamics Cbservatory
mner Belt — - 22,000 miles
1,000 — 8,000 miles

Low-Earth Orbit (LEO)
International Space Station
220 miles

Van Allen Probe-A

b
Van Allén Probe-B -~

Magnetosphere and
Van Allen Belts

*Trapped Energetic lons and Electrons
+Light ions form the base population of
the magnetosphere

Gyration

ic shell  Inner electt Magnetic field
forL=5 belt

Bounce
motion

Outer electron
belt

L values
(Earth radii)

Magnetic .
PRSI Electron drift
fieldline  proton motion

drift motion 34

in Gauss

34



Earth’s Magnetosphere

35
35
J
Earth’s Magnetosphere
Shock , Magnetosheath Magnetopause
Sol ind Oﬁe ___Magnetotail
e Geomagnetic  Orbit of moon
equator
Interplanetary
field | Neutral
‘h‘ At A S S m— s{heet: + + +
\‘é: \ 740 760 80 R,
erpaneiary ) \V{ Magnetotail
field Synchronous orbit (6.6 Ry)
Solar wind . Magnetopause
o Magnetosheath
oc
front S0
Notes
R, Geocentric distance in earth radii
— Direction of magnetic flux lines
Fortescue, et al, 2011
36

36
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Annual Dose of lonizing Radiation
Annual doses (Si) in

computed with SHIELDOSE and AEBMAX, APBMAX models
4 mm spherical aluminium shielding.

| R i s e e

/~
/A

108 T
F Protons
r ~
10° &
10* L
Si: Sieverts F
108

TTTTT

_.-”"Bremsstrahlung

=

TTTTITm]

T T T,

l

100 I R SO

101 f

100 f 000
Fortescue, et al, 2011
Leo

Orbit altitude (km)

T =TTy
:’%Electrons 3
f o Danger for
3 semi-hard
3 parts
3‘\-\ j Failure of
i \ 3 commercial
i 3
3 parts
et T, L
Geostationary 37

37

Outer
HRadiation

Inne
Belt i

Radiation

Belt Inner
Radiation

S Belt

Outer
Hadiation

EXTERNAL TEMPERATURE GAUGE

HIGH-POWER TRANSMITTER

MICROMETEORITE
EROSION GAUGES (12)

INTERNAL TEMPERATURE GAUGE GE1s2-59
21 ocT 59

+ see Pisacane for discussion of
mechanics and dynamics
— plasma frequency
— Debye length
— spacecraft charging and ram-wake effects
— motion of charged particles in a dipole field
— trapped radiation

Spacecraft That

Mag

Defined the
netosphere and

Van Allen Belts

38

38
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Five Themis Spacecraft
Investigating Earth’s Magnetosphere (2007)

;String of pearls” orbital configuration
Lined up at apogee every 4 days
Outer two spacecraft repurposed for ARTEMIS

Spacecraft Charging

Interaction of sunlight, space plasma, and
spacecraft materials and electronics

Ungrounded Metal

Energetic
Accumulates Electrons, Electrons
Mav Cause Discharae to Trace Penetrate Shell
Circuit B

Board
Trace

&)

e-(bs).

e-(sec)

Circuit Ungrounded
Board Metal

Electrons
Trapped/Stopped

in Circuit Board,
Spacecraft

May Cause Discharge
Shell

to Trace
~—

Interior

NASA-HDBK-4002A, 2011

40

40
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Spacecraft Charging Damage

Interaction of space plasma and spacecraft materials and electronics

SCATHA Satellite, 1979

3 ot
ht ESD arcing

(a) Failure csed by in-flig|
- 'Loumunmi
NASA-HDBK-4002A, 2011

41

41

Spacecraft Charging Hazard Zones

T T T T T T T T T TTIT

oy

S00V 700V Key: Level of
Surface Charging
Hazard

- High
D Medium
|:| Moderate
l:] Low

Key: Level of
Internal Charging
Hazard

M -
I:I Medium
B

® Geostationary

NASA'HDBK'4002A, 1 == location

L
2011 100 1,000 10,000 100,000 42
Circular Earth Orbit Altitude, km

Orbital 60 =
Inclination,
degrees

20 |

42
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Integral Flux Contours at Earth,
Jupiter, and Saturn
,0° Longitude Geo: hic AEBMAX
S /JR 7 MeV Integral Flux
'_ 4 (cm'-s)
| 4 P ','f." 1E7
) I . 1E5
= - 1€4
N t-é,_—,// 1E3 0° W Longitude SATRAD Electron
EARTH 1€2 1 MeV ln(;eg"ail Flux
: ‘ -1E| (cm.s)
0 1 2 34 6 6 7 8 — B
Re /@ 1E5
(10" Wiongiudesys il | Sreseorn |
I (cms)" SATURN | ;
-1EB 0 2 :1 ;S é 10 ‘:I2 14 =
) 1E7 Rs
1E6
’ “ NASA-HDBK-4002A, 2011
> JUPIITE? -151
0 2 4 6 8 10 12 14 16 43
R.
43
Space Debris
Ring of objects in geosynchronous orbit (GEO) altitudes
Cloud of objects in low-Earth orbit (LEO) altitudes
44
44
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Micrometeoroids and Space Debris

Space Junk in Low Earth Orbit

+ Nuts, bolts, and other fragments in orbit
+ July 2013 estimate

+ 170 million objects {< 1cm}

+ 670,000 objects {1 —10 cm}

+ 29,000 objects {> 10 cm}

- January 2007: Chinese anti-satellite test destroyed old satellite
and added >1,335 remnants larger than a golf ball

+ U.S. shot down a failed spy satellite in 2008 -- more debris

45
45
L Ll

Space Debris Density after 2009

6.E-08 | |

| Iridium-Cosmos Breakup |
5.E-08
Fengyun-1C Breakup

T 4.E-08
g
>
'E 3.E-08
a
=
&
& 2.E-08

1.E-08

0.E+00

200 400 600 800 1000 1200 1400 1600 1800 2000
Altitude (km)
46
46
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Satellites for Detecting
Micrometeoroids and Space Debris

- H
Prossure cells
[+— 22,98 tnoh dlameter

= ———Grid detector
@@- o

« Explorer-16 (‘Beer can”

2x0.6x0.6m

Pressurized-cell penetration detectors,

impact and other detectors
Scout launch vehicle

++%.°5.7 yr collecting data
Returned to Earth by Space Shuttle

47

Long-Duration Expostte Facility’s "

47
- n
Growth Estimate of Low-Earth-Orbit
- L]
Debris Population
70000 — —
| i I | | i
o — Non-mitigation j | \ /*’
5 60000 - ADR(2020/5) | | | I
5 — - ADR (2020/10) /J/
2 50000 ADR (2020/20) \ —
-~ I T T i
% G000 | ADR: Active Debris Removal ! _ /1 I
8 | /
G 1
© 30000 ——
- 2 | ks
2 20000 MINES 1500 Vkg Rl MO
o L
8 10000 — D Ll
0 ] o PR 3 . ‘\ . . .
1950 1970 1990 2010 2030 2050 2070 2090 2110 2130 2150 2170 2190 2210
Fortescue, et al, 2011 Year
48
48
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Mass Influx Rates of Micrometeoroids

Modified Naumann (1966)

Shoemaker, airwave objects

Modified airwave objects
Hawkins, Stones (1963)

X\ Shoemaker, Apollo

1 1

16
.- °® Whipple; Meteors (1967)

8
=
a
£
= =
£
x
3
° Or
2
=
=
= L
b=
o
o
2 g @ Ogolll
= A Mariner IV Alexander et al

Vv Pioneer | (1969)
o Pegasus |, 11, Ill; Explorer XVI, XXIII;
Naumann (1966)
—16 + O Prairie network; McCrosky (1968)
+ Apollo objects; Whipple (1967)
1 1 1
-16 -8
Fortescue, et al, 2011

0 8 16 24 49
Logqo mass (g)

49

Space Debris/Micrometeoroid
Damage to the Space Shuttle

50
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Distribution of Micrometeoroids and
Space Debris (from LDEF)

Meteoroids (Humes Space-Facing)

Specific

Cumulative Number por Square Meter
8

45-caliber bullet 0.275 4
Space Junk 7.5 2867

10 km/s Energy, km

e Crater Sizs (Microne)

51
Effect of Impact Angle on
Relative Specific Energy
© Debris
Vrela!ive \(_) Vdebr,s
Satellite Vateitite
Impact  Satellite Debris Relative Relative
Angle, Velocity, Velocity, Velocity, Specific
deg km/s km/s km/s Energy, km
180 7.5 7.5 0 0
45 7.5 7.5 10.6 5734
0 7.5 7.5 15 11468
52
52
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Atmospheric Composition
of the Planets

Planet/ Composition Surface Surface  Temperature Ionosphere

Moon % pressure temperature @ 200km  (Electrons/
(Bar) (K) (K) cm?)

Mercury None — — ==

Venus  CO, (96); N, (3.5) 92 750 100-280 ~ 109

Earth  Nj (77); O, (21); Hy (1) 1 285 800-1100 ~ 100

Mars  CO, (95); Ar (1.6); N» (2.7) 0.006 220 310 ~10°

Jupiter H, (89); CHy4 (0.2); He (11) Gaseous planet 165! ~10°

Saturn  H» (93); CHy (0.2); He (7) Gaseous planet 130!

Titan N3 (90-99); CH, (1-5); Ar (0-6) 1.5 95 150 ~10°

Uranus H, (85); CHy(< 1); He (15) Gaseous planet 80!

Neptune H, (90); CHa(< 1); He (10) Gaseous planet 70!

Pluto N, CHy4/CO (traces only) — 40 — —

! Temperature quoted where pressure is the same as Earth sea level (P = | Bar).

See also Tables 2.5, 2.7 and 4.1.
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The Atmosphere of Mars

Martian Clouds
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The Atmospheres of
Jupiter and Saturn
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Venus Landings
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