Space carriers
« Reaching space altitudes is not easy.

= Stratospheric balloons can carry a payload at an altitude
of about 40 km for 1-30 days.

= Sounding rockets can carry a payload at an altitude of
400 km (for a few minutes)

= Satellites are put in orbit by larger rockets, at altitudes >
400 km

= The Space station is orbiting at an altitude of 400 km

= Payloads can be put (using very large rockets) in non-
Earth orbits (L2, Moon) or sent into interplanetary
missions.

* In the following we give a short summary of the physical
principles of stratospheric balloons and rocket propulsion.

Stratospheric Balloons

A balloon is a light bag, volume V, filled with a
gas lighter than the surrounding air.
The forces acting on the balloon are

— Gravity, due to the mass of balloon, gas, and
payload; directed downwards

— Bouyancy, equal to the weight of the air moved by
the balloon volume V; directed upwards.

Fz =—Mg 9 +Vpairg <

The balloon will lift until F,=0, i.e. until the
Archimedes lift will fully compensate gravity. Mg
If the balloon is open at the bottom, the light gas

can vent and the pressure inside the balloon is

always equal to the surrounding air pressure.
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Stratospheric Balloons
* The pressure where equilibrium is reached (at
float altitude) can be found as follows:
0=-m,Qg+Vp, 0=
= _mpaylg - mball g _Vpgasg +Vpairg
+ Using perfect gases law: M,p
P RT
(where M, is the molar weight of gas X, and
R=0.0821 (lit atm / K mol) ) we get
Doy = RT Mpay + Mgy
V. My =M,
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For a given payload mass, the float pressure will be lower
(and the float altitude higher) for high values of the ratio
\% 2R} R
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It is evident that we need a large balloon, made of a thin,
low density material. For stratospheric balloons,
polyethilene (density around 1; basically the same as trash
bags) with fiberglass reinforcements is used. The
polyethilene layer is very thin (t=15 to 25 pum); the volumes
range from 5000 to 2x10° m?; consequently m,,, ranges
from 30 Kg to 1500 Kg.

Example 1

* Assume a 10°m’ balloon (103K g mass) lifting a 10° Kg
payload. The balloon is inflated with He (M,;,;=4 g/mol ,
while M,;=0.75 My, +0.23 Mg, =30 g/mol). The float
pressure will be

_ RT mpayl F M —
pfloat TV M M
\ Mair_lvlgas
3 3 3
- 0'0821:230 (10° +10°)x10 atm =1.5 mbar
10 30-4

* Which corresponds to an altitude of about 44 Km.
¢ The cost of this balloon is around 150kEuro.
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« The disadvantage of these balloons is that they can vent He when the temperature
increases. So the volume decreases at each diurnal cycle. As a consequence, the
float altitude decreases.
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11 viaggio fortunato della
navicella: a 37 Km di
quota, in balia delle
correnti a getto, ha
circumnavigato

I’ Antartide per tornare,

dopo 8000 km di viaggio,

vicino alla base di lancio. |

L’ 8/1/1999, mentre
sorvolava il pack vicino

alla base, abbiamo
inviato il telecomando W
di separazione. i

11 giorno successivo
abbiamo potuto recuperare
la navicella.

= 3 CREAM Flight Dita: Trajectony
Recovery —9/Jan/99 Curteng period e 2004-12-15 23:22.95 10 20050117 17.16:32
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Cument Speed: 10.85 knots Thsts Py

Curmént Course: 12.4° e U R Currént Aitude. 127611 5435 fest
Cument Lat- -7A%7EA.0" Cument MET: 32 days 12 hrs & mins 323 sec since launch
Currént Lon: 7053162 Curtet Tre: 2005-01-17 17.16.32 UTC

Example 2 T S\ albard launch tests
» Assume a 10*m’ balloon (20 Kg mass) lifting a small 25 ' '
Kg payload. The balloon is inflated with He. The float

pressure will be

RT r.npa\yl + rnball _

pfloat - V M = M s - 1° Test launch July 24, 2006 ‘ )
Feasibility of LDB flight from Svalbard proved
00821 X 230 (25 o 20) X 103 More than 40 days at float

= atm =] 3 mbar IRIDIUM telemetry subsystem for OLIMPO succesfully tested
10 30 - Solar panels/charge control tested
casted OLIMPO LDB scientific balloon flight in Summen

* Which corresponds to an altitude of about 39 Km.
* The cost of this balloon is around 15kEuro.
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Principles of rocket propulsion

The rocket works by
expelling part of its mass at
high velocity.

By Newton’s laws, the
result is an increase of its
speed.

In this way the rocket
enables a vehicle to be
moved against the
gravitational potential of
the Earth, injected in orbit,
or transferred from the
gravitational field of one
planet to that of another.




Principles of rocket propulsion
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» Consider a rocket moving in vacuum in gravity-free space with
speed v along the x axis.

+ The rocket has mass m and ejects a mass dm in a time dt. So
dm<0. The speed of the ejected mass with respect to the rocket
is v,, in the negative x direction.

» Conservation of momentum for the system along x axis gives:

(M+dm)(v+dv)+(v-v,)(—dm)=mv

ﬁry+mdv+dp/v+ydv/—yffm+vgdm:hw :»

Principles of rocket propulsion
mdv =-v,dm
Assuming a constant thrust (spinta) T = v, dm i.e. a constant v, and
constant mass flow rate, we get dt

dm T dm
dv=-v,— - v—vD:—ve_[— -
m

m
—V, =V, In—>
m m

m,

Where m, and v, are intial mass and velocity of the rocket. When the
rocket has exhausted all its fuel,

V=V =V, lnm—i
The ratio m,/my is called mass ratio. For a mass ratio larger than
e=2.718, the final velocity of the rocket is larger than the ejection
velocity. It must be maximized to have good performance.
The fuel container / motor, and the payload need to be as light as
possible with respect to the total fuel mass. The typical value of the
mass ratio is around 5.

Principles of rocket propulsion
mD
my

—Vo=Ve
The ejection speed v, also has to be high.

In chemical rockets the exhaust velocity depends on the heat energy
liberated per unit mass, and on the molecular weight.

To have a large ejection speed, the former should be as large as
possible. The latter should be as small as possible.

An important parameter in rocket design is the specific impulse I.
This is defined as | v, T

and has the dimension of time. For fluorine-hydrogen motors, this
has a typical value of 300 s. The resulting v, is around 2.5 km/s. So

v, =V, +v, I = (0+2.5In5) km/s = 4.0km/s
m

If we take into account the effect of gravity, v, is even less.

Principles of rocket propulsion

« Ifthe rocket is working in a gravitational field, the
motion equation must be modified to account for
gravity.

« Assume vertical motion. The change of momentum
will be equal to the force times the time interval, i.e.

mdv+v,dm=-mgdt — dv= ved—m— gdt
m

V-V, =V ln——J.g(h)dt

 In the gravity field due to a planet of radius Rg

R 2
g(h):gE( £ ]
R, +h g

* Assuming a short time for ejection of all the fuel, so
that the maximum altitude h << Ry, g can be
considered constant.

Principles of rocket propulsion
* So we have

m
Viin = Ve In—-— gtﬂn

fin
The final velocity is higher if all the fuel is exhausted
in a short time tg,.
For t;,= 100 s, .
The altitude reached at t;, can be computed assuming a
constant fuel mass ejection rate:
m__¢ m=m, - ft ; tg =Mo" M
dt f
* during fuel ejection, the rocket reaches an altitude of

h(t) = j(v h{ ()} gtjdt ¢

Principles of rocket propulsion
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For t;,=100s, vg,=3.0 km/s hf,n7137 km I
g

t—fmz—

After exhaustion of the fuel at t;,, hﬂn , the rocket will
continue its flight in a ballistic, decelerated mode:

fin ‘max

. me .
V,=V +at—v,m—gt ot = g > h —h“"+met




Principles of rocket propulsion

* Fort;,=100s, vg=3.0km/s , hg=137 km
* After exhaustion of the fuel at t;, hy, , the rocket will
continue its flight in a ballistic mode:

Vin 1
G = g 3 M =Ny Vgl _Egt:mx
1v;,
P = +E .

» With the typical values above we get t,, =310 s, and
Npax= 610 km.

s b D

engine off

Viin  in + Din
“burn-out”™

engine on

Sounding Rockets

« As seen above, single stage
sounding rockets can carry
instrumentation at some
hundred km of altitude for a
few minutes.

engine off

Viin  tin » Nfin
“burn-out”™

engine on

Fuel needed
In a chemical rocket motor, fuel and o s wes
oxydizer are mixed in an

exothermic reaction.

The energy produced is converted —
(with some efficiency e<1) into

kinetic energy of the exhaust, which s

is ejected at high speed from a
nozzle.

.

For example, liquid H, can be used

as fuel, and liquid O, as oxydizer,
in the reaction ) i
2H,+ 0, = 2H,0 + AE N——

m, —-m,
+ 50 E=Th, =v,—2—"h *

fin e fin
fin

« H — — N _ Woz %
ere m, —mg, =m,, +m, =NW,, +?Wo2 =N|W, + 2

¢ The molecular weights W are 2 g/mol and 32 g/mol. The number of
moles needed N will be simply E/& AE, so combining with * and **
we estimate the needed efficiency of the engine:

h, W,
= fin Ve W, + o,
ti AE ’ 2

« With our typical numbers

where AE=224800 J/mol ¢ ~ 137000 x 2500 (0.002 L0032 J ~27%
« The total energy neededis E = ITdh =Thy, 228400
_ « i.e. the rocket engine has to convert about 30% of the chemical
dm m, —mg
+ where the thrustis T=v,—=v, _o fin energy into kinetic energy of the ejecta.
dt thn
== A
Fuel needed e
The total mass available for fuel is www.nsroc.com: NASA sounding rockets
m,—mg =(F-Dmg =m, +m, = H2
(F-Dmy, = %Wog + NWHz =
F-1)mg
N EEDMe o 4x100 o 55500 mol
W, +W, /2 0.002 +0.032/2
So we have
my = Nw, = 22290 4 032 kg = 355Kg v

2@ 2
m, = NW, =22200 x0.002 Kg =44Kg
These must be stored in liquid phase (cryogenics !), otherwise the
volume of the containers would be too large. This means 628 liters
of LH, (density 0.07 kg/1) and 309 liters of LO, (density 1.149 kg/1).
The total chemical energy produced by this motor is NAE=5x10°J
and the thrust is T=eNAE /hg,=9800N.
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Use of sounding rockets in astrophysics:

 Test of instruments to be flown on orbital experiments,
but also science measurements requiring short
integration time.

= Gush et al. in 1990, measure the spectrum of the CMB using a
FTS on a rocket (Gush et al. 1990, PRD 65, 537-540), shortly
before COBE-FIRAS (!)

The NITE experiment obtains ultra-low background
measurements of two galaxies in the NIR (3-5 pm), in order
to measure diffuse emission from low mass stars in the halo
(Uemizu et al. 1998, Ap.J., 506, L15 — NGC4565; Yoest et al.
2000, Ap.J. 535, 644 — NGC 5907 ). Each observation, taken
with a 256x256 pixel array of InSb detectors , is less than 1
min long ! The rocket is able to repoint a different sky area in
a few seconds.

The group of McCammon tests the first cryogenic
microcalorimeters (100 mK) for X-ray spectrometry on a
rocket ...

However, the final
velocity vy, achieved
with current technology,
about 4 km/s, is not
sufficient to escape from
the Earth gravitational
field.

engine off

Viin » tin + Dfin

engine on

Principles of rocket propulsion

It is important to compare this velocity to the escape
velocity.

* Arocket arrives to a maximum altitude, then (after a time
Vi/8), Teverses its speed, and falls down to ground ....

* unless its maximum altitude is so high that the
gravitational attraction of the Earth becomes negligible
with respect to the attraction of another body (moon,
mars, sun ...).

» The escape velocity is the speed vy, needed to arrive to a
stop only at an infinite altitude.

Principles of rocket propulsion

We can compute the escape velocity from the Earth
surface by writing the conservation of total energy.
At Earth surface the total energy is

_gMm 1 e

5 MVese

E
If the rocket stops at infinite distance, both the potential
energy and the kinetic energy will be zero there, so

2GM 2%6.668x107" x5.98x10*
Ve =\ [T :\/ 378 10" m/s 2 11.2km/s
. .

This is higher than the vy, attainable with current
technology (of the order of 4 km/s).

Multi-stage rockets

* Only multi-staged rockets possess the
ability of attaining velocities as great
or greater than the escape velocity.
Staging depends on the ability to
jettison parts of the vehicle, such as
empty fuel tanks, for which there is no
further use. )
empty Itstage  empty 20 stage

* We have Iststage  fuel 2dstage  fuel
Total mass mass mass mass

iy M, :(M1+m1)+(M2 +m2)

mass

Payload

Second stage

V= Vel
-

M,-(M,+m, +m,)

First stage

V, =V, +V,In




Multi-stage rockets
M, =(M1 +m1)+(M2 +m2)

Payload

M M, —(M,+m,
V, =VyIn—"—+v,,In o (M, +m)
M, —m, M, —(M, +m, +m,)
M, +m M, +m,

M, M
M, +m,
M, +m,

R(1+ x)
1+ Rx
For a given R, this is maximum for x<<1, i.e.

when the second stage is much lighter than
the first one. For x=0.1 and for typical values

of R and v, we get v, =13 km/s, larger than
the escape velocity from the Earth.

+ Assume R =

Second stage

2

and define x =

V,=Vg,ln +v,nR

First stage

NL-L3

* Huge multi-stage rockets
have been built for the
most demanding space
missions.

* The NL-L3 was a huge
(100 m high) five stages
russian rocket for moon-
related missions ...

CMBECTRA PAKST-HOCHTANRR:

* And here is the russian NASA
fleet of rockets used the Apollo 13
. Saturn V
last 40 years, and being
used today ... L
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