- THE ROCKET EQUATION
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Orbit Adjustment
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ed propulsion requirements is beyond the intent of this book. However, an
excellent and commonly performed example exists which can be used to
duuihcboththemagnimdeofaﬁuunenttequhedmd&ntypicaltypas
of systems used to perform these maneuvers,

(28.5%)

Figure 3-8. Geostationary orbital transfer. The plane-change maneuver is
performed out at the apogee of the transfer orbit to minimize the Av required.

Geostationary Transfer. Figure 3-9 illustrates the transfer of a satellite
from a typical low-earth “parking” orbit of 28.5° inclination 0 a geosta-

The first maneuver establishes the spacecraft on a transfer orbit which is
an ellipse that lies in the same plane as the parking orbit with its perigee at
the same altitude as the parking orbit and its apogee at geostationary altitude.
This should be recognized as a Hohmann transfer orbit described in Chapter
2. Note that in order to intersect the final desired equatorial geostationary
orbit, the apogee (and, thus, the perigee) of the 28.5° inclined transfer orbit
must be located over the equator. As the satellite approaches this point over
the equator, a perigee kick motor (PKM) is fired to inject the spacecraft into
the transfer orbit from the parking orbit. The change in velocity required at
this point can be found from the relationships given in Chapter 2.

Al the transfer orbit apogee, two changes to the orbit must occur in
order to establish a geostationary orbit. First, the elliptical transfer orbit
must be circularized at the geostationary altitude. If this is done as a sep-
arate maneuver within the same plane as the transfer orbit, the Av required
would be the same as for a Hohmann transfer. However, to be geostation-
ary, the orbit must also be equatorial, so the plane of our spacecraft orbit
must be changed from 28.5° to 0°. The Av relationship for a simple plane,






Rocket Thrust

Looking more closely at the results of the last section, it can be seen
that the thrust term of the rocket equation is propertional to both the pro-
pellant exhaust velocity (V - ¥, = V) and the mass flow rate of propel-
lant (dm/dt = m). We can rewrite the thrust term to better show this
dependency:

T=(v—vo)%= Vm (3-4)

To increase the thrust of a rocket then, one could try to increase either
the exhaust velocity of the propellant or the mass flow rate of propellant
through the rocket. To see how these quantities can be changed we must
consider the characteristics of a typical rocket system such as that shown
in Figure 3-2.

Mass Flow Rate. A rocket differs from a jet engine in that a rocket must
carry its own oxidizer as well as fuel supply, although there are some sys-
tems which simply use a single (mono) propellant. In many propulsion
systems, liquid propellants are used and are delivered to the combustion
chamber by mechanical pumps as depicted in the figure. The pumps con-

Figure 3-2. Sketch of a typical rocket. Propellants are mixed in the
combustion chamber and accelerated through the nozzle to produce thrust.

tribute directly to the rocket thrust by controlling the mass flow rate of the
mm—m«ummymnmwbmmwi-
ty-feed to deliver propellants to the combustion chamber. In solid rocket
the motor casing which also serves as the combustion chamber when the
MmWMMWthmwmm
burning area and, thus, the combustion rate of the fuel.

Mmmmm@mmumwm
the mass flow rate. For instance, you could bum all the fuel at once,
assuming you could design a combustion chamber and nozzle to handle
the amount of propeliant and exhaust invoived. However, if you didn’t
Just blow up, the instantaneous thrust would probably produce an unac-
wmmmmwummmw
aswonaut. More practically, the size and structural capabilities of the
pumps in liquid-fueled systems limit the mass flow rates achievable.
mmm»wwwmmmuaﬁ
cussed next.
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The Rocket Equation (cont’'d)

Integrating and inserting the mass before ignition, m, + m,
and mass after burning, m,, gives the velocity increase Av
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14-9. SaturnV Nozzles. Most rockels
rely on nozzias to convert thermal energy into
Kkinetic anergy through thermodynamic expan-
sion. We show the huge nozzies for the Saturn
V F-1 engines here. (Courtesy of NASA/
Marshall Space Fiight Center)
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M, <1 My>1
(subsonic) (su;:mcm:)
converging nozzle (dA < 1) converging ging nozzle (dA < 1)

velocity increases (dV > 1) velocity decreases (dV < 1)

le(dA>1 diverging nozzle (dA > 1)
velmty — ((dvi 1)) velocttv increases (dV > 1)

Figure 14-13. Changing Mach Num
Versus Changing Area. For subsonic
(M, < 1) the flow velocity increases when i
decreases along the nozzle. For supers

S flow (M, > 1) the flow velocity increases w
the area increases.




ORBIT ESTABLISHMENT AND ORBITAL MANEUVERS

As was mentioned at the end of Chapter 2, a spacecraft’s propulsion
mqummumnymdndeddxvﬂymmmuvmgmmmm
and maintenance of the spacecraft position and orientation. While posi-
tion-keeping systems are usually designed as an integral part of the space-

Figure 3-5. Apolic Service Module propulsion systems. The large aft nozzie
was used for orbital maneuvers and the smaller nozzies around the body
were used for attitude control.

craft, rockets that deliver a spacecraft to its operating position are more
likely to be existing systems which are chosen for specific performance
characteristics and to which the spacecraft must be designed for compati-
bility. Specific systems that are available to meet these requirements will
be presented in Chapter 8. The following sections describe the propuision
aspects that must be taken into account when discussing these systems.

Sevudfammmmvdvodmmhuhdamwdminmcm
establishing the correct burn-out condilions, staging, launch timing,
launch pad location, and launch direction. Figure 3-6 depicts a typical
launch situation from the U.S. lmmhmu&el(mﬁySpwew
(KSC) in Florida.

Burn-out Conditions. The launch vehicle both accelerates and raises the
payload from the surface of the earth along a predetermined launch path
(trajectory). The launch path must intersect the desired orbit, and the inter-
section must occur such that the rocket velocity (vector) and altitude cor-
respond with those for the desired orbit ar that point. Since the rockets
known as the launch vehicle burn-out conditions. If the burn-out condi-
tions do not match the orbit characteristics at that point, within some
may be required.



Example 14-3

Problem Statement

[magine you are preparing the new Falcon launch
vehicle for its first mission from Kennedy Space
Center. The vehicle must deliver a total AV (AV gesign)
of 10,000 m/s. The total mass of the second stage,
including structure and propellant, is 12,000 kg, 9000
kg of which is propellant. The payload mass is 2000 kg.
The I, of the first stage is 350 seconds and of the
second stage is 400 seconds. The structural mass of the
first stage is 8000 kg. What mass of propellant must be
loaded on the first stage to achieve the required
AVjesign? What is the vehicle’s total mass at lift-off?

Problem Summary

Given: 2 stages
Myayioad = 2000 kg
Myirycture-2 + Mpropellant-2 = 12,000 kg
Mpropellant-2 = 9000 kg
Mgtructure-1 = 3000 kg
[5P“1 =350s
[,P_z =400s
AV gesign = 10,000 m/s
Find: Myropellant-1

Minitial

Conceptual Solution
1) Determine the AV 02
Avmgn! * 1sp280x
ln(mslrucmul + Mypropellant2 + Eﬁ“)
Mytrycture 2 + Mpayload
1) Determine the required AV of stage 1
Avmgr‘l = Avdeslgn ‘Avsh# 2

3) Determine the initial mass of stage 1
AV pger = 1»'&"’-

ey )

In( . e
mm-u:ml"'m, !+mr,‘ 4+ m

4) Determine the mass propellant in stage 1

Mpropellant1 = Minitial ~
(m ) +Im, 2-:-mr pell 2+mplyloni)r
Analytical Solution
1) Determine
AVNFZ : 3 I.stox
1;1(“‘&“2 +m 2t m,,.,.u.,.J
Matucture2 + Mpayioad
= (400 5)(9.81m/s?) m(%%l%)

AViage 2 = 4040 m /s

2) Determine the required AV of the first stage

AVWI =AVM5“-AVW2
=10,000 m/s - 4040 m/s
Avm,l =5960 m/s

3) Determine the initial mass of stage 1
AV gager = 180
Miniial

]n(m 1+ m 2% Mprona 2-i-1:|-|’,‘ﬂw,)
Mjnisiea; = (8000 kg + 3000 K + 9000 kg + 2000 kg)

e[( 5960m/s )]
~350s)(9.81m/s”
Minjal = 124,821 kg
4) Determine mass of propellant in stage 1
Mpropeflant 1 = Mhinitiai —

(m p+m 2 s P L )

PR

= 124,821 ~(8000 kg + 3000 kg + 9000 kg + 2000kg)
Mpropellant-1 = 102,821 kg
Interpreting the Results

The total mass of this launch vehicle at lift-off is
124,821 kg (113 tons). About 82% of this mass is
propellant in the first stage alone (102,821 kg/124,821
kg). Less than 2% of the total lift-off mass is payload
(2000 kg/ 124,821 kg).
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Fuel Oxidizer

The most important figure of merit of a particular propellant is its specific impulse ,,,
defined as follows:

¥ F FAr
]l === —_—=— (seconds) (6.1)
g gm gAm



InFig6.3,thcﬁ1eIandlh=oxidizararepmumizedhyhelhm.mm‘-"}
are fed separately to the combustion chambers of the apogee kick engine (i
the thrusters, where they ignite spontancously. 'I'he&mntusmueénr

used, the other set being redundant.
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Propellant Storage
Liquid Propellants

Feo&nghqmdpmpehnmﬁommnmmmhmmmwm
weightlessness of space. Where spin-stabilized satellites are concerned, the

;gnt;:?galfmemanmﬁcmlmtywhmh is exploited as shown to the left in
18 0.2.

Fig 6.5: Propellant feed with and without centrifugal force.



The figure to the right illustrates the dilemma with a body-stabilized spacecraft, where
the liquid’s surface tension causes it to form lumps that hover inside the tank in an
uncontrolled manner. Pressurizing the tank does not solve the problem, since the
pressurant fills all empty spaces equally.

There are two common methods of forcing the propellant into the drain (Fig 6.6). One

is to install an elastic membrane which acts as a bladder. This solution works
reasonably well until the membrane is flat and the remaining propellant is trapped.

Membrane

FPropellant

Fig 6.6: Propellant management using bladder and vanes.

The second method allows all the propellant to be drained in weightlessness. Vanes
are attached to the inside wall of the tank. Surface tension causes the liquid to adhere
to the vanes and work its way down to the propellant management device (PMD) at

mmdofthekahePMDmbwcallyapwceofmmh&hapedlikcl e
cmmmwhmhdhmhmudwmysmﬁmﬂnmﬁb eyt VS

ThemamhrmsoMonwmksweﬂmthmpmpellmhydnzmchnnm .

corrosion damage by the oxidizer in bipropellant hydrazine systems. ThePMDu

therefore the norm for the MMH + N;O; combination. - :
Solid Propellants

Fig 6.7 shows a cross-section of a typical solid propellant AKM.

. Nozzie

Fig 6.7: Solid propeliant apogee kick motor.

Before a solid propellant AKM is filled, the inside wall of the casing is coated with a
rubber-like liner which improves the adhesion of propellant to the wall and serves as



thermal insulation. The propellant is cast such that a hollow core results. The hollow:
provides a larger burning surface, andhencemthmst,;hanasolidcasﬁng.]‘he
shape of the hollow determines the thrust profile, as illustrated in Fig 6.8.

Fig 6.8: Thrust profiles as a function of core geometry,
as seen from the nozzle end.

A solid casting will give approximately constant thrust, which is preferred in most
missiam(mleﬁﬁm).bmthem;posedsurfaceistoosmalltoyieldadequmﬂnust
IeveLBydﬁuhgcrcnﬁn;acylindﬁedholeﬂnommcmtrc, we achieve a larger
bminguumdﬂmeimemﬂuusthasthecombusﬁmemdesﬂwwnuxof
thehde.thehnnhgmheeomhrger,mdthcthrmgmwsudthﬁme(mdomd
contomofthemiddleﬁgure).'!hismymmymtbcudeahable side effect.

Electrodynamic Propulsion (EP) e

Swuddmmwmwchnologinhavebmdwdopeduyutheh?
ymmwmmdmlwmmmha
total impulse compared to the thermodynamic alternatives.

electromagnetic. In the electrothermal variety, thrust is generated by clectrically
super-heating neutral gases. In electrostatic and electromagnetic ﬂmmu, l_neuiulll
gas or solid is electrically ionized, and thrust is created by accelerating the wuby
means of an electrostatic or electromagnetic field.

Each type of EP thruster is divided into sub-groups depending on the adopted desigs
MxeTﬁkﬁlmhmmd@vm‘mNgr !
aﬂoftheum.ormwﬂlbe.mﬁtnbhfamlh—orbm;m.nwgf
nevertheless included for the sake of completeness. s .

sy



Electrostatic Thrusters

The ion thruster is a “textbook ionizer.” The neutral propellant molecules (e.g.
xenon gas) are stripped of outer layer electrons through electron bombardment (Fig
6.14). The resulting positive ions are accelerated by a grid-induced electrostatic field.
Following expulsion, the ions are blended with neutralizing electrons to prevent them
from settling on the spacecraft’s surface. In the absence of a neutralizer, the returning
ions would create a voltage differential, which might eventually give rise to
electrostatic discharge (Chapter 12). Several other ion thruster technologies are at
various stages of development, notably the comtact ion engine, microwave ion

engine, radio frequency ion e las
isotope ion engine. ngine, plasma separator ion engine, and radio

Power Supply

Fig 6.14: Schematic of an ion thruster.

6.4 Thruster Layout




Iyin Thrust Handling Ease of Comment
vacuum (N) hazard storability
Cold gas i 0.1 - 250 Low Very easy Inexpensive
Monopropellants
Solid propellants 250-290 | 100-10° High — Easy Not restartable
Hydrazine 200 - 250 <} High Easy Needs catalyst for
combustion
Kerosene + O, 300 - 350 10-10° Very high Difficult Cryogenic,
suitable for
= launchers
UDMH + N;0, 300- 350 10-10° High Difficult Storable, for
launchers
MMH + N0, 300-350 [ 0.1-500 High Difficult Storable, suitable
for satellites
H:+ O, 440-460 | 10-10° Very high Very Cryogenic, for
difficult launchers
Electric Propulsion
Electrothermal < 1500 <2 Very low Very easy High power
consumption
Electrostatic < 6000 <1 Very low Very easy High power
z consumption
Electromagnetic < 5000 <200 Very low Very casy Very high power
consumption

Table 6.1: Comparison between various types of propellant.

From the Table it is evident that no single propellant is the perfect choice for all
applications. For example, the low thrust of electric propulsion (< 2 N) restricts its use
to manoeuvres that are not urgent, such as slow flywheel momentum dumping or
GEO station-keeping. As for bipropellants, the fuel and the oxidizer have to be kept
wauapmdmmslamhmmmutheymlwmlw,m they combust on
contact with each other. Liquid oxygen and hydrogen are not only hypergolic, but
they are also cryogemic, ie. they must be kept refrigerated below their vapour
temperatures — all of which makes for difficult storage and handling. Liquid
monopropellants are easier to store and handle, because the fuel and the oxidizer are
contained in the propellant itself. Solid monopropellants are very reliable but have the
great disadvantage of not being re-startable, which precludes stepwise execution of
orbital manoeuvres.

As indicated in Table 6.1, the high thrust of UDMH makes it most suitable for launch
vehicles. H, and O, must be stored in liquid form at cryogenic temperatures, so the
kerosene+0, and H,+0; alternatives are also reserved for launchers. Solid propellants
are most commonly found on launch vehicles, but sometimes this technology is
chosen for apogee kick motors (AKM) onboard satellites. This is hardly surprising,
since the AKM actually performs the task of the launch vehicle.



Category Propellant | Vacuum | Thrust | Power/thrust | Power Development
choices I; (s) ™) conversion per status
efficiency thruster 1%
(%) (W)
I
Resistojet Nj, Ha, 300-1000 | <0.5 60 - 90 >300 | Verymature
N,H., NH,3
Arcjet JH;, NaH,, 700-1500 <2 30 >300 | Mature
NH;
El
Ion Ar, Cs, Hg, < 5000 <] 90 500-5000 | Mature
Xe
HET Xe <2500 < 60 1500 | Mamre
FET Cs < 6000 < 50 - 60 20-120 | Mature
| Elecrromagnetic
MPD Ar, Ne, Xe, 1000- 10 - 200 10-40 Several | Immature
NH;, NoHy, 4000 hundred
Hy, Ny, Li, kW
- K, Na -
PIT N;H,, NH;s, 3000- 1-150 20-40 Several | Immature
CO,, Ar 5000 kW
PPT Teflon 800-1200 <1 <20 200 - 400 | Fairly mature

Table 6.2: Overview of electric propulsion thrusters.
HET = Hail Effect Thruster
FET = Field Effect Thruster

MPD = Magnetoplasmadynamic
PIT = Puised Inductive Thruster
PPT = Pulsed Plasma Thruster

As mentioned earlier, the main advantage of electric propulsion (EP) over chemical
ditto is the high /,, which means that a substantially greater impulse /, can be

generated for a given propellant mass m (Eq 6.2). Worded differently, the thrust-to-
pmpeumoomumptimraﬁoilmfnww.mehighlvisthedﬁmmmﬂtoﬁhc
increase in the exit velocity ¥, of EP molecules (> 10 km/s) compared to chemical
thrulum(--?)lm/l)-—mEq&.l.luEP.thcexitveiocityispropmﬁonaltothcappHed
volmgemd.athminthemy.Mymeskyisﬂmlﬁnitfnchcmimlpwwkion.mme
omhmmemhaveaﬂniummoprcummwmh
ultimately limits the achievable exit velocity.

Thekin:ﬁcenergyofapmpaﬂmimiseqnlmthcwoxkdmbytheehctﬁcﬁeid
that accelerates it. Thus: ‘

VemV,} = qU (6.4)

where m is the mass, Ve is the exit velocity and g is the charge of the ion, while U is
the accelerating voltage. .




Orbit control
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Body stabilization
For full attitude controLtheattimdeconu-olthrustcrsmustbcmuumadinsmha

manner that the satellite may be -otated in both the lefi-hand and the right-hand
direction around the axes x, y and z.

Similarly, for complete orbit control, tha satellite must be able to be propelled along
the axes x, y and z, as well as in the opposii. directions -x, -y and -z,

The thruster layout in Fig 6.18 would achieve this, as listed in the table.

—

Attitude control Thruster No.
(rotation) axis

x 4
¥ 1

z 9

=X 6

-y 3

-2 T JI &\‘

Orbit control Thruster No.
axis -
0 - L

2 . 24

Fig 6.18: Thruster layout for 12 degrees of freedom.

Thishymnimpﬁumnlzmrmtetsmneeded.wwhichmbeaddedmthalz
thnutmfmuﬁmdmcy,i.e.uﬂ:mstminmAswam,mcbaim
profligacy is neither acceptable nor necessary.

Fms&M.Mmmm&mﬂdhmRMWemMawaywiﬂa
mzsms.mmmmumwwmof
thetlmmml+3,dﬂw7ﬂ,mﬁvﬂy.Wemdemm9ﬁmﬂm(phu9
redundant ones).

Amm&mmamﬁiu’syuiﬁwxmiswwmw ity vector at some
poim_dmgthemlfthamhm;m&nuwiwmmmm
velomtyvm_atammaly lw_wmwmm(me.m Therefore
wedonmmmmbﬂhm-smm.ﬁmmafﬂumhmmm&ﬂww
uporsiowmwnthcmﬂhe.&meﬁmhmmmw.audmhwakeady

mpheadsmaqumﬁmoﬂ+9.‘mmmdnm
12 altogether, since they, too, point along the velocity vector at half-orbit inte
Mwwwm2m1+3.mif12mwemleﬁ
operational thrusters (plus 7 spares). T




Fig 6.20: Hypothetical thruster layout after savings.

Performance Summary

Fig&lloﬂ'magmphia!ovmhwof&epufmuanduﬁliuﬁmofvm

propulsion technologies.
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Fig 6.21: Thrust versus specific impuise for various propellants.
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TYPES OF ROCKET ENGINES

e Solid propellant
- fuel + oxydator + binding substance
- pyrotechnical ignitors

= 1S LLIC




PROPELLANTS
Single component fuel Typical l;(s)

Cryogenic nitrogen 75




Rocket engine for two component propellant
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