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Intro to Aerospace Engineering

B.A.C. Ambrosius and R. Noomen
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Launch of STS-122 on February 7, 2008 [NASA].

Part of the lecture material for this chapter originates f8BoMC. Ambrosius,
R.J. Hamann and K.F. Wakker.

References to “’Introduction to Flight” by J.D. Anderson will be given in
footnotes where relevant. AAAAAAAAAAAAA
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Rocket motion and launchers

%
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Other material to be studied in addition to this presentation:
“Introduction to flight” (Anderson): pp. 728-729; section 9.10.



Overview

* What is a launcher

» Different types of launchers

» Tsiolkovsky’s equation

» Fundamentals of rocket motion

« Ideal single-stage launcher

* Real single-stage launcher (gravity, atmosphere)
 Launch constraints

« Multi-stage launchers: treated in course ae2-104 (2 BSc year)
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Introduction

Why we need high-thrust ?

» Huge velocity change: 0.48 km/s
at Earth surface (max) > 7.9
km/s in LEO

* Bring satellite to minimum
altitude above atmosphere (>

200 km) Saturn-5 F-1 rocket engine
 Overcome gravity pull and drag T = 700 ton
losses m = 3 ton/s
'?U Delft AE1102 Introduction to Aerospace Engineering 4|




Introduction (cnt’d)

Role of low thrust ?

» Only effective after initial launch to LEO

» Novel techniques (Ion, plasma, solar sail, etc.)

* Much higher efficiency

* Acceleration too small to counteract Earth’s gravitational pull

* No role for launch

» Major role for orbit maintenance and interplanetary trajectories
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Examples: Deep Space 1 (1998-2001; Isp = 3100 s; F =92 mN
[http://nmp.nasa.gov/dsl]) or SMART-1 (2003-2006; Isp = 1640 s; F = 70 mN
[http://www.esa.int/esaMI/SMART-1]).
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Multi-stage launchers (some examples)
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Introduction (cnt’d)

Sub-orbital launchers and sounding rockets

3
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Introduction (cnt’d)

Single-stage launchers and (future) hypersonic hybrids

<3 : g
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Introduction (cnt’d)

Air-launched

Pegasus [Orbital Sciences Corp.]

Payload mass: 455 kg
Total mass: 19653 kg
Payload fraction: 0.023
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To overcome the drag of the lower part of the atmosphere, the launohse ca
taken to altitude by a carrier aircraft (also compare with &laipOne). OSC’s
Pegasus is taken to 12 km before it is released. Depending on the technical
requirements, it is a 3- or 4-stage launcher. Status April 2007: 37 launches, of
which 34 successful [http://astroprofspage.com/archives/860].



Introduction (cnt’d)

Reusable launchers (space planes)

R ila . o i TR, wnio ey = ]
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Main advantage of reusable launchers: save operational costs. Drawback:
maintenance. In spite of all efforts, the Space Transportation Sgt&nfa.k.a.
Space Shuttle) was the only reusable launcher until now. Status De&@ghber
Program terminated; 135 missions, of which 133 successful (Challenger
destroyed during launch in January 1986, Columbia destroyed during re-entry in
2003)
[http://www.nasa.gov/mission_pages/shuttle/shuttlemissions/list_maip.htm



SpaceX writes history on Dec.

=

8, 2010

T+00:04:29
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SpaceX writes history on Dec. 8, 2010
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Pioneers with liquid-fueled rockets

Sergei Korolev, GIRD-X, 1933
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Independent of each other, liquid-fueled technology was developed both in the
USA and in the former Soviet Union. Goddard and Korolev are among the
founding fathers of modern spaceflight.



Introduction (cnt’d)

Pioneers At
with Z
liquid-fueled * single stage
rockets (cnt'd)

¢ liquid propellants (alcohol and
cryogenic oxygen)

e steel structure

e 13000 kg lift-off mass

e 8800 kg propellants

e 250 kN thrust

e 1000 kg warhead

¢ range several hundred km

e “payload” fraction: 0.077

Wernher von Braun et al, V-2, 1942
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Nazi Germany developed its V-2 ("Vergeltungswaffen-2"); also ptegddy

liquid propellants. After the war, Wernher von Braun and colleagues continued
this development in the USA, whereas other colleagues stepped to thenRussi
side. Ultimately, this lead to the development of actual space launahirs
crucial contributions to the Moon race and other projects. Devestating and
unreliable as the V-2 was, it was a real revolution.



Fundamentals

Newton’s second Law of Motion:

e The time derivative of the impulse of a (point) body relative to an
inertial coordinate frame equals the resulting force the body is
subjected to.

Consider (closed) system of launcher and propellant:

>R v |

If

—

The total impulse is represented by parameter I.

I =constant or d— =0
dt

% . e
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Sir Isaac Newton (1643-1727) postulated 3 so-called Laws of Motion (tfrdsc
51 and 52). His second Law is elementary for describing rocket perforntiaisce.
crucial to consider the system of launch vehicle and expelled propaiant
whole; as a consequence the thrust of a rocket engine is an internal one.



Ideal rocket

1L =MV; L, =(M+AM)(V+AV)—-uAM
with
w=V-w T

SO
L., =(M+AM)(V+AV)—=(V-w)AM

% . e
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Total impulse considered before (left) and after (right) reledgropellant mass
AM (which has a negative sign in this convention). The vehicle has a velocity
“V” (or “V+ AV”) w.r.t. an inertial reference frame, whereas the propeltant i
expelled with (relative) velocity “w” (" in the sketch; sorry for the confusion in
notations). So, "u” is the velocity of the propellant w.r.t. inertiahfe.



Ideal rocket (cnt’d)

SO
AL _ 1, ~1, _(MV+MAV +AMV + AMAV ~V AM + wAM )= (M V) _

At At Al

AV AM  AM AV
M2 w2
At At At

linearization and At = 0:
dl dav aM
a M T =0; Newton’s second Law (NO external force)!

or

M .al =—w .‘dﬂ.
dt dt
and
dv =- wdﬂ
M
<3 : g
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Linearization: ignore terms "small to the power &t -> 0 introduces derivative
w.r.t. time.



Ideal rocket (cnt’d)

result of burning propellant (exhaust velocity w is constant):

Vena M
daM
Jav=[-w3r
Vbegin M pogin
_ _ begin
g 'Vend - Vbzgin =-W (ln Mﬁ!?d —In Mhegm ) =wln

end
or

M, . NTe: ’ - ”
AV =wln =t 1 g n A Tsiolkovsky’s equation

o or: “the rocket equation”.
(w=1,8; Mg /M, =N\) NB: Definition w = Isp*g0
7 _ o
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In reality, exhaust velocity "w” is not constant but depends on the defiree
expansion on the nozzle (under-expansion at low altitudes, over-expansion at
high altitudes). However, to first order, "w” can be considered as conSeat
next 3 sheets.

The specific impulseyJis by definition related to the exhaust velocity through
the acceleration at sea levgl(§.81 m/$). For a given amount of propellamie(
parameten), it is a direct measure for the efficiency of burning this propellant
(the higher J, the larger the achievedV/).



Tsiolkovsky

Konstantin Tsiolkovsky

e Russian scientist 1857-1935

* high school math teacher

e deaf

» father of theoretical astronautics

A% |
N\ ¢
Tsiolkovsky's equation:

» velocity gain depends on masses and exhaust velocity
e velocity gain is independent of burn program

5 . e
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Tsiolkovsky is another founding father of spaceflight. The burn progranfiaist,
slow, irregular, ...) does not affect the achievable velocity incriessn ideal

rocket engine; this is merely driven by the amount of propellant ang¢icéis
impulse.



Ideal rocket (cnt’d)

dVv aM
= —W—=mW
dt dt
where
dM

Cdr

Definition:
m = expelled (gaseous) mass per unit of time, or mass flow [kg/s]
Solidification Principle (impulsive thrust):

F=Ma=MdV/dt=mw (M = instantaneous mass of rocket)
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The Solidification Principle brings us back to Newtonian mechanicsi #tag
we have to refer to the instantaneous mass of the launch velsdieng-
depending).



Ideal rocket (cnt’d)

Consider a vehicle with dry mass (/.e. construction + payload mass)
of 1000 kg, and 4000 kg of propellant. The specific impulse is equal
to 300 s, and the propellant mass flow is equal to 50 kg/s (and
constant).

Questions:
1. What is the thrust?
2. What is the gain in velocity?

Answers: see footnotes below (BUT TRY YOURSELF FIRST !!)

3 . o
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Answers:DID YOU TRY ??
1. F=147150N
2. AV =4736.6 m/s



Ideal rocket (cnt’d)

burn time:

M begin M

. e"d:Mbegm = M, _[-w(l_lj
b m m Mbegin I.IJ(' A

where

M, F F
A = ﬁbgﬁ? ; l{JO = ; m=
Mcnd M begin 8 0 & 0 1 sp

Definition: W,: Initial thrust-to-weight ratio (or thrust load)
Note: impulsive shot: t, > 0 ; W, > o

5 . e
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Parametel is the so-called thrust-to-weight ratio.

In an impulsive shot, the totAV is reached instantaneously, so the vehicle is still
at the same position and the acceleration is infinitely large.



Ideal rocket (cnt’d)

traveled path:

Lent Lend
s.= [ Vdi== [ win dt
thegin Lsegin begin
m =-dM/dt, m and w constant:
M M,
w end M w end
5, =— j In av =2 j (InM —InM,_, )dM
e m M m egin
Miyegin begin M segin
integration yields:
M WM, =M., M M
s, IE( » I ——emd M, + Mbegm )= (M, g 1) 1+ end | ——end
begin m M begin - M end M begin
% . s
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Straightforward integrations.



Ideal rocket (cnt’d)

traveled path (cnt'd):
InA
s,=wi,| 1- =

gl (llnA+1]
¥, A

» end velocity is independent of burn time
e traveled distance is dependent on burn time
e impulsive shot: s, > 0
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Straightforward substitution of parameters.

Impulsive shot: infinite acceleration, vehicle still at same pwsitr § =0
indeed.



Ideal rocket (cnt’d)

Example 1:

Consider a vehicle with dry mass (/.e. construction + payload mass)
of 1000 kg, and 4000 kg of propellant. The specific impulse is equal
to 300 s, and the propellant mass flow is equal to 50 kg/s (and
constant).

Questions:

1. What is the thrust?

2. What is the acceleration of the vehicle at the beginning of the
thrust interval?

3. What is the acceleration of the vehicle at the end of the thrust
interval?

4. What is the gain in velocity?

Answers: see footnotes below (TRY YOURSELF FIRST !!)
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Answers:(DID YOU TRY FIRST??)
1. F=147150N

2. Begn=29.43m/3=3 g

3. 3,4=147.15m/5=15g,

4. AV =4736.6 m/s



Ideal rocket (cnt’d)

Example 2:

Consider a rocket with dry mass (/.e. construction + payload mass)
of 1000 kg. It is to take the payload to escape velocity, so AV = 11.2
km/s. The specific impulse is equal to 300 s.

Questions:

1. How much propellant mass is required?

2. If the (constant ) thrust were to be delivered over 2 minutes of
time, what would be the thrust? What would be the acceleration at
burnout? What would be the acceleration at ignition?

3. If the (constant ) thrust were to be delivered over 8 minutes of
time, what would be the thrust? What would be the acceleration at
burnout? What would be the acceleration at ignition?

Answers: see footnotes below (BUT TRY YOURSELF FIRST!!)
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Answers:(DID TOU TRY ??)

1. Mpypeliant= 43954 kg (or: 97.8% of initial mass....)

2. T=1077973 N; @mou= 1078 m/8= 110 @; Gigniton = 24 M/3=2.4 g,
3. T =269493 N; @nou= 269.5 m/3= 27 g, ggnition = 6 M/$=0.6 g



Ideal rocket: some graphs

Reference case:

Data:

* specific impulse I, = 200 s
cW,=15

eA=5

Results:

« propellant mass = 80 % of total launch mass
* end velocity = 3157.7 m/s

e burn time = 106.7 s

» traveled distance = 125.1 km

5 ) o
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Verify these numbers yourself!



Ideal rocket: illustrations (cnt’d)

|—1sp=200s —Isp=400s
7
6
5
o
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The rocket with , equal to 400 s reached\® which is twice as large as that for

the rocket with J, of 200 s (Tsiolkovsky!). The curve becomes less steep, because
more propellant has to be taken on board, which also has to be accelerated in the
first phase of the flight..... not effective -> multi-stage launchers.vahees in

this curve are still way below what is required for a LEO orbitallebhe an

escape orbit... and is already larger than 5!!



Ideal rocket: illustrations (cnt’d)

Isp=200s, Psi0=15 — =—Isp=200s, Psi0=3.0
= |sp =400 s, Psi0 = 1.5 =— =—Isp=400s, Psi0 = 3.0‘
180
150
& 120
@
£
£
3 60 |
-3
30
0
1 2 3 4 5
Al-]
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The factor of exactly 2 is also visible in this plot. Lower value §pcdn be
compensated for by higher propellant mass flow -> overlap of curves. issue:

acceleration enough to lift of from launch platform (in particular, foréoroyrn
times)?



Ideal rocket: illustrations (cnt’d)

burnout height [km]

w
o
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Isp=200s,Psi0=15 — —Isp=200s,Psi0=3.0
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Recognize the factogf (here: 2= 4) between the curves.

30|




Some notes:
« propellants burned in combustion
¥ chamber

® Pchamber =~ Patm

P \ e Laval nozzle

« velocity Mach 1 in throat

¢ expansion: pressure decreases in
nozzle >

« velocity increases in nozzle
(supersonic)

combustion
chamber nozzle

> —

[Wikipedia, 2009]

5 . e
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In an ideal nozzle, the gasses would be expanded until (local) atmospheric
pressure (which is altitude-dependent....).




Thrust (cnt’d)

[http://www.braeunig.us/space/propuls.htm#Isp,
2009]

Some notes (2): L

* case (1): ideal expansion, Pegt = Patm ./

* case (2); over-expansion, Peit < Patm

» case (3): under-expansion, Peyt > Patm

¢ In practice: thrust rocket engine = impulse component mw +
pressure Component (pexit'patm)AnozzIe

o W= Wessr and ISp > Isp,eff

* e.g. Space Shuttle Solid Rocket Booster: L, cqievel = 242 S,
Isp,vacuum = 268'6 S

« In this course: indices “effective” deleted, but....

5 ) o
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See previous sheet.



Real flight

- VEHICLE AXIS

Real flight:

« direction of motion not only vertical
» angle of incidence )
« gravitational field

e atmospheric drag

e thrust misalignment

VELOCITY V

S _TRAJECTORY
————— LOCAL HORIZONTAL

[Fortescue &
Stark, 1995]

equation of motion:

- = .
M ‘2—{ =F-Mg-D Note: all terms are time-dependent!
where
F = thrust [N]

g = gravitational acceleration [m/s”]
D = atmospheric drag [N]

% : e
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Note: vector notations.



Real flight (cnt’d)

p VEHICLE AXIS

VELOCITY ,V

" _TRAJECTORY
————— LOCAL HORIZONTAL

along velocity direction:
MC;—I:—FCOS(CZ+§) —Mgsin(y)—D

perfect vertical flight:
M a =F-Mg-D
dt
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To minimize drag losses, one tries to pass the (dense) atmosprepalsas
possible -> vertical flight (or carrier aircraft -> Pegasus)

The (integrated) drag effect is proportional to (integrated) dynaneissure:
YopV?2,



Vertical flight (incl. gravity)

perfect vertical flight, end velocity: Srenky
dV=—wdﬂ—gdt—£d[ T
M M
3 3 . AV¢
Integration: /ﬂ ,
Thugn Lburn D % |
de=wlnA— I gdt— J. —dt ! : =t 'h
0 0 M
or AV, ity |
: gravity loss
Ford = Vend_ideal - AVg — AV, BT

AV, : drag loss

homogeneous gravity field, no atmosphere:
szd = WIHA 7g(} th

% . e
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Parameter gis gravitational acceleration at sea level: 9.8 nifsreality, g is
depending on altitude (g /4?).

Gravitational acceleration: 9.81 r(at sea level), 9.65 n¥/gat 50 km altitude),
9.50 m/$8 (100 km altitude), 8.43 n¥$500 km altitude) -> errors ranging from
few percent to 15%.



Vertical flight (incl. gravity) (cnt’d)

end velocity:
v

end

=wlnA—-gf,
or

1 1
I/end =g[] I‘F{IHA_W_[I_XJ}
0

gravity loss:

AV =g1)1.$[) ]_L
= M A

impulsive shot:
t,=0 so ¥,=w so AV, =0

% : e
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Impulsive shot: in infinitely small time, so no gravity losses by dibdimi



Vertical flight (incl. gravity) (cnt’d)

mechanical load:

at launch:

g 1AV F g
]

g() gu df M[wgm g()

at burnout:
1 dv F F My,
acnd:_d_: —]: beg —1:\'},(]/\—1
g(l gl) d[ Mcmi g() Mbﬂgm g() Mand

AE1102 Introduction to Aerospace Engineering 37|
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Thrust acts in one way, but gravity in the other -> subtract value “1”.

Typical requirements: acceleration at launch large enough tof|{fee
have.....”) from platform, and acceleration at burnout not too large to crush the
vehicle (note: tanks depleted, so total mass much smaller than iraga).m




Vertical flight (incl. gravity) (cnt’d)

burnout height:

1 M, I
h, _det% [ ln%dM —{gﬂ,«df:

M yogim

=wi 1_]1‘1—1\ — ﬁ—
b Al &o B

gl (l_lnAHJ_ I (]_LJZ
g, A 2¢,0 A
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Istpart is identical to burnout height for ideal rocket, without gravity losaés
of course gravity reduces performance. Effect: similar to high-sehquoéssion
Ya*a*t? -> Yo% gyt 2.

Impulsive shot: gravity loss reduced to zero, since burn time is zero amaubur
height is zero by definition.



Vertical flight (incl. gravity) (cnt’d)

optimum burnout height:

132
Oh, 0 = ¥, = (A-1)
ovY, ’ A(A-1)-AnA

1SA<0 = 1Y, <2

2
&1L, [ A-InA-1
hb,max -
2 A= |
'ifu Delft AE1102 Introduction to Aerospace Engineering 39

Derive yourself. For a given propellant (combination of fuel and oxydizer ->
given L) and a given ratio W {M.,q(realistic assumption, since one will not
fly a launcher with 99% propellant...), what would be the optimal thrust to get
burnout altitude as high as possible? -> translates to paraifjyet@rburn time t
Here: optimization afte¥, is pursued. As expected, h,,increases with
increasing value for,fand increasing value fax. Question: why optimize
burnout height, and not total height(including coasting)?



Vertical flight (incl. gravity) (cnt’d)

coasting (i.e. after burnout, no thrust):

dav
end E = _Memi gO

integration: V-V, =—8g1

coast time: { =l

o + oy = —INA =1, InA

burn coast
0

total time: t

wral
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Equivalent to high-school equations: V(t) = V(0) + a*t. Here M{3=0,
V(0)=V,,4(i.e. of burn phase), and ag=grhen: summation of time intervals.



Vertical flight (incl. gravity) (cnt’d)

coasting (cnt'd):

distance from point of burnout:
Leogs 2 V 2

. . :
Ah, = _[ Vdt=V,,t...— % = ii
0 o

total altitude:

h

total hbm'nmr!

+Ah,,, = wt,,[ 1- /j\ln:\j + ol 41 In" A

L2 '
:g”—-‘f‘[llvolnw—ln/\—lﬂ]
v, (2 A
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Again: equivalent to high-school rules: s(t) = s(0) + V(0)*t + ¥22aktere: t ->
teoast V(0)->V,, 4 (Of burn phase), a->;gSummation of terms.



Vertical flight (incl. gravity) (cnt’d)

coasting (cnt'd):

impulsive shot (t, — 0; ¥, — 0):

h _1L g 1, In* A

total ;max 2
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TUDelft AE1102 Introduction to Aerospace Engineering 42 |

Impulsive shot: no gravity losses in propelled phase. Absolute limit to
performance.



Questions

* What is the energy that I need to launch a satellite to an 800 km
orbit?

* How much propellant is needed to achieve this?

» What would be the optimal thrust to maximize payload mass?

» What would be the optimal thrust load to achieve maximum
(culmination) altitude?

% : e
TUDelft AE1102 Introduction to Aerospace Engineering 43|




Questions — 1

Consider a lander hovering 10 m above the surface of the Moon, in
search for a suitable landing spot. Given: Yyoon = 4906x10° m3/s?,
Rimoon = 1738x103 m; dry mass of vehicle (/.e. structure + payload)
= 500 kg; I, = 300 s; gy = 9.81 m/s?.

Questions:

1. Compute the gravitational acceleration that the vehicle
experiences (Jmoon)-

2. Derive an equation for the propellant mass as a function of time.
3. Compute how much propellant would be needed for a maximum
hover period of 1 second.

4. Idem, for a hover period of 1 minute.

5. Idem, for a hover period of 10 minutes.

Answers: see footnotes below (BUT TRY YOURSELF FIRST!!)
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Answers:(DID YOU TRY ??)

1. g=1.624mhA

I\/Ipropellant = I\/ldry * ( eXp( (gnoon*t)/(l Sp*QO)) -1 )
Ileropellant: 0.28 kg

Ileropellant: 16.8 kg

Moropeliant= 196.2 kg

a bk~ wbn



Questions - 2

Consider a lander hovering 10 m above the surface of the Mars, in
search for a suitable landing spot. Given: y,,.c = 42810x10° m3/s?,
Rmare = 3402x10° m; dry mass of vehicle (/e. structure + payload)
= 500 kg; I, = 300 s; gy = 9.81 m/s?.

Questions:

1. Compute the gravitational acceleration that the vehicle
experiences.

2. Derive an equation for the propellant mass as a function of time.
3. Compute how much propellant would be needed for a maximum
hover period of 1 second.

4. Idem, for a hover period of 1 minute.

5. Idem, for a hover period of 10 minutes.

Answers: see footnotes below (BUT TRY YOURSELF FIRST!!)
Compare your results with those for the Moon case (previous sheet)
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Answers:(DID YOU TRY ??)

1. g=3.699 mA

Ivlpropellant = I\/ldry * ( eXp( (gnar;t)/(l Sp*QO)) -1 )
Ileropellant: 0.63 kg

Ileropellant: 39.2 kg

Moropeliant= 962.9 kg

a bk~ wbn



Vertical flight (ideal vs. real): Example
Data:
« specific impulse I, = 200 s
e W, =15
cA=S ideal with gravity
Results: Burnout velocity [m/s] 3157.7 2111.3
Burn time [s] 106.7 106.7
Burnout height [km] 125.1 69.3
Culmination height [km] - 296.5
Culmination height for - 508.2
impulsive shot [km]
3 ) o
TUDelft AE1102 Introduction to Aerospace Engineering 46 |

Verify these numbers yourself!

Question: why is there no value for the culmination height in case of dn idea
launcher?



Vertical flight (incl. gravity): graphs

| ——ideal ——with gravity

V_burnout [km/s]
- N

I
\

0
1 2 3 4 5
Al-]
<3 : g
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lsp =200 s;¥, = 1.5. Significant difference.



Vertical flight (incl. gravity): graphs

= jdeal = with gravity ‘
150

E, 100

5

[=]

S

2 so

o=

0 ;
1 2 3 4 5
Al-]
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lsp =200 s;¥, = 1.5. Significant difference.



Vertical flight (incl. gravity): graphs

——real, with gravity ——impulsive shot, with gravity ‘
500
E 400
=
$§ 300
©
=
£ 200
=
°
= 100
0 - -
1 2 3 4 5
Al-]
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lsp=200 ;% =1.5



Vertical flight (incl. gravity): graphs

— ideal —— with gravity

[kmis]

-

V_burnout
N

0 -
1 2 3 4 5
Y_0[-]
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lsp= 200 SA = 1.5



Vertical flight (incl. gravity): graphs

| ——ideal ——with gravity —— maximum with gravity
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lsp= 200 SA = 1.5



Vertical flight (incl. gravity): graphs
—— real, with gravity —— impulsive shot, with gravity
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lsp=200 sA = 1.5 {.e. propellant mass is half of dry mass -> very conservative).

The higher the value fo¥, the better an impulsive shot is approximated (of
course).



Vertical flight (incl. gravity): graphs

——t_burn ——t_culmination, with gravity
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lsp =200 sA = 1.5. Time until culmination point is independent of valu&of
(cf. sheet 45).



Vertical flight (incl. gravity) (cnt’d)

Requirements:

« for lifting off from launch pad: F > Mygyor W, > 1
090 0
e for burn time: t, < Ly (1-1/A) - burn time limitations
140
+ mechanical load: i
LIJ0 < (1//\) (aend,max/go * 1) 100
or: o
e 80
tb > Isp ( A'l) / (aend,max/go +1) A 55 5
40 b, amax=10
i amax=15g
20
% 2 3 4 5
Al
5 . e
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The launcher must be subjected to various constraints.



Vertical flight (incl. gravity) (cnt’d)

Culmination altitudes of single-stage launchers, for I, = 200 s. Maximum
acceleration = 10g. Question: what happens if Iy, is increased to 400 s?

culmination altitude [km]

350
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1250
200
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1

% . e
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The values foA and¥, are larger than 1 for well-designed rockets. The
maximum allowed acceleration limits the value¥gt As for the effect of |,
where does it appear in the equations? So?



Sounding rocket: example

Véronique (French sounding rocket, 1959-1975):
» payload mass: 59 kg

» structural mass: 207 kg

« propellant mass: 1064 kg

« initial mass: 1330 kg

e thrust: 39142 N

« specific impulse: 184 s

* go: 9.81 m/s?

5 ; -
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France is the lead country in Europe in the area of launcher development.



Sounding rocket : example (cnt’d)

Results (NB. Including gravity, but NO drag):
e mass ratio: A =5

e thrust load: W, = 3

e burn time: t, =49 s

» exhaust velocity: w = 1805 m/s

« acceleration at launch: ay/g, = 2

« acceleration at burnout: a,,,/g, = 14

» velocity at burnout: V4 = 2423.8 m/s

« altitude at burnout: hyy e = 41.1 km

» coast time: t. = 247.1s

¢ height gain during coast: Ah . = 299.4 km
« total flight time: t.,, = 296.1s

« altitude culmination point: 340.6 km

3 . o
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Verify numbers yourself.



Sounding rocket: example (cnt’d)

Comparison of theoretic data and real flight data Véronique:
ideal with gravity, | real (with
vacuum gravity and
atmosphere)
velocity in burnout point [km/s] 2.905 2.424 1.875
height of burnout point [km] 52.9 41.1 35
culmination altitude [km] - 340 219
3 ) o
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Clear illustration of effects of gravity and atmosphere.



Example: launch trajectory of Stratos

Trajectory
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Stratos is a project of DARE ("Delft Aerospace Rocket Engineeringfijch was
launched on March 17, 2009, from Kiruna (Sweden) and set a new height record
for amateur launchers at 12.55 km. If a certain height is the thmyetoes one
design the launcher to achieve this?



Launcher example
Pegasus XL mission profile [OSC, 2007]

Third Stage Burnout
] ital Insertion

Second/Third

Second Stage Stage Coast

Burnout

Third Stage Ignition
t =594 sec
h=397.5 nmi
v= 14,980 fps
T=22deg

Second Stage
L-1011 Drop Launch  |gnition

Payload Fairing Sej tion
t=0 t=88.7 sec :1:0121 |5::g i

h=39,000 1 h =230,300 f h = 366,300 f
} M=082 u:a.zwlps/ v = 11,200 fps

/ First Stage Burnout
» t=76sec
/ h = 178,900 ft
First Stage ignition M2 q
1=5sec L

h=238,690 ft
v=14701fps
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Sorry for the English metrics. “fps” = “feet per second”; “ft*feet”; “nmi” =
“nautical mile”



Launcher example (cnt’d)
Payload capacity Pegasus XL [OSC, 2007].
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i | |
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TUDelft AE1102 Introduction to Aerospace Engineering 61|

The amount of payload that can be delivered to orbit is dependent on inclination
(i.e. the positive effect of Earth rotation).



Launch constraints

Launch azimuths
[http://www.scs.gmu.edu/~rgomez
Y -
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The launch azimuth is measured from direction North, positive in clock-wise
direction. Potential hazards to populated areas result in limitatidaanch
azimuth (indicated by the grey areas in this plot), which has consequinces
turn, for the performance of launch vehicles. the profit from Earth rotation
can be less than optimal).



Further reading

« Koelle, D.E., Cost Analysis of Present Expendable Launch Vehicles
as contribution to Low Cost Access to Space Study. In: (2nd ed.),
Technical Note TCS-TIV-147 (96), TransCostSystems, Ottobrun,
Germany (December 1966).

« Parkinson, R.C., Total System Costing of Risk in a Launch Vehicle.
In: 44th International Astronautical Congress (2nd ed.), AA4-6.1-
93-735(16-22 Oct., 1993) Graz, Austria .

 Isakowitz, S.].. In: (2nd ed.), International Reference Guide to
Space Launch Systems, American Institute for Aeronautics and
Astronautics, Washington DC (1991).

« "ESA Launch Vehicle Catalogue”, European Space Agency, Paris,
Revision 8: December 1997.

* http://www.orbital.com info on Pegasus, Taurus and Minotaur

» users.commkey.net/Braeunig/space/specs/pegasus.htm

« http://arianespace.com/english/leader launches/html

* http://www.boeing.com/defence-space/space/delta/record.htm)
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