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ABSTRACT

We pilve a summdary about typlceal spaceflipht programs and

o

thelr nropulsion requ-rements as a basis of comparison for pocsitle
propulsion systems of “he present and near future. In addition €«
chemical propulsieon systems, we can conslder so¢lar, nuclear, or
even laser propelled rockets with electrical or direct thermal fuel
acceleration. Also, we can consider "non-rockets" which have alr-

breathing devices and solar cells.

The chiemical launch vehilcles including Arlane and shuttle
will be considerad together as candidates for transportation of
payloads into Earth orbit and return., They have simllar technical
characteristics and transportation costs. Examples are gilven o' how
to improve the engines and thelr structure, We gilve a bric¢f discus-
sion of a possible improvement of payload by using air-breathing
lower stages. This is followed by a summary on chemical upper stages
and kick stages and a discussion of the future possibllities of sup-

plying energy fuels,

A summary avouft the electrical energy suoply installations is
given which gilves the performance limifs of electrical propulsion.
The electrostatic ion propulsion systems which are widely used for
trajectory control and for primary propulsion systems are discusced
in detail. After a short description of previously used resisto-jets
and plasma miniature engines and magnetic coil attitude control sy-
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DGLP {German herodynamics and Space Flipght Connres
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scems, woe diseuss the development possibilitles of thermul, mug-
netic ard elcetrostablic rocket onpines., The state of development
of the nuciear - thermal rocket and propulsion concepts for the
distant future are described.

1. TNTRODUCTION

Juzt like in aviation, space flighv first of all depends on
performance capacity and the weight of the available propulsion
systems.

Space flight propulsion systems are baslcally limlted be-
cause of a lack of outer support mass such as the Earth's atmosphere
which supports the nir-breathing engines, Therefore, in most cases
they have to carry along the support structure, that is, tney are
rockets, Compared with other transportation methods, the propulsion
system of space flight including the fuel usually represents the
greatest part of the total mass, and the payload usually represents
a very tiay part of the total mass (a few percent or even a few pro-
mille). Even small performance changes in the propulslon system can
have a drastic effect on payload fraction and therefore on the cost
per Xg of payload. For this reason and because of the high cost of
the payload itself, the best and most reliable propulsion systems
are also the most economlcal ones.

For propulsion systems into and out of an orbit, there are
a very large number of degrees of freedom (for example, compared
with aviation engines). Zero gravity, a vacuum and radiation of
the sun which lasts up to 24 hours, allow the following.

very small specific thrust levels, accelerations down

to 10 20 .

13

enormous solar cells areas on extremely light structures

limited expulsion of poisonous fuels
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Por thls roacon, vhere ex’sto ¢ wide range of poscivie Lropul-
sian systoms for sueh progroms in opace! these cxvend from vhe nipsh

T e
enerpy tricrcol-cherdeal systems up 0 the nuclear and solar clec-
tricul rockotes, as woll as mapgnetie colls, solar celln, ehe. The

DA ke

speelfic thrust, durstion of propulsion wund, thercfore, the JLirnt
for satislying sueh misslons, vary according vo the

¢ifferent propulslon systems over g wide range. In addition, the
verious prepulsion systens have various advantages and disedvantapes,
trical enerpy facilitles, which count particlly ao the

¢ t
y o! “hey have large areas which make maneuvering difficult or
there exists safety and waste removal problems for nuclcar reactors.

Cherefore, it is very difficult to make comparisons ol the
various propulsion systems for space flight and to give a balanced

overview,

In the following paper we will attempt to evaluate and list
the present and expected performance levels of various propulsion

systems using appropriate applications (flight programs) and we will
make comparisons.

We hope that our paper will mcke it easier for the systems
engineer, researchn planning engineer and development planning engi-
neer, as well as other readers associated with space flight problems,
to gndersﬁand the possibilities and limitations of space flight as
far as they are limited by the propulsion systess.
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I $m Flipht altitude
Lo NS Impulse requirement
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- 8 Impulse per weipht
ha - saeh numboer
5 Kg/s  NMacs througshnut of fuel
or rropellant carried
along
Waym X3 Mass of prropulsion systen
AV A 1 - b -
including fuel (gross thrust)
Lo &
Ty e yass at shubdown
i X Payload
Ma kg tructurzl mass (net)
S g
M i Fuel mass
it Koz xoss of propulsion systemnm
W
(dry)
g E GLOW kg Takeoff mass
n Stage number
Nex W Ferformance - clectrical
dad
S W Thrust ~ performance .
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tTR=t ] Burning time, propulsion
duration
av n/s Fropuision capaclty, re-
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me and dn Lhe near fulurce, only the thermal and ¢©
be used.  Active phovons (waves) oy partlcles

.
L.
mrotons) radliutors are limiting cascs whileh will not bo dicousced

4% 3 o
here,
“he non-rooikuis produce the propulision impulse by suppost on
planetary atmosrheres, magnetice foelds or the radiation flelid of vho
sun, in 4

W
neliding the solar wind., The acgeleration of the atmospheric
CoS can aise sceur thormally (wumict), partially mechaniceally (turbo-
tromapnesically (NPR=Y"mpamlet"), or thic can h
o
ke

sing a fiuid-mechanic methnod (atmospher

.
by
s o k] g X . y e
mansuvers) here is considerad
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as a metvhod for reducing tho propul=
o« @ g A o “ >
caon reguiroments and is not dis 3 a means of active propul-
iv

3

Q
eni.  Active support by grav
1

Ror each of the three classification groups (energy, sugpors
na58, thrust mechanism) there are hybrids which are mixed or combing-
tion propulsion units which follow quite naturally. Some of the im-
rorsant ones include the following (or they could be important in the

fusure):

a) Energy source - hybrids
chiemical + solar slectri

" + nuclear thermal
" + nuclear electrical
u + laser

t) Support mass combinati I

4-
W
Atmosphere + rocket (
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choeve are enpinces which can colleev I uels in

3
nd whiah can svore thuem.,  Labur on, ooy can eXsel thom Like
.a for the future. Table 2-1 shows severel
e Lhe chumical~cloctrothernal roesliotcelud
he lipnt arc/plasmadynamic engines impliles

no of ¢hermal and electrodynamic maethods,

L

=n adaivion to roekess, non~rockevs and tholr combination,
thevre 10 alz0 Yhe possibility of using Earth-bound or rlanci=-tound
sakeosl atds {catapults, cannons, rocket sleds, ete. ) which have
arpeared in tho liberature, Today, there are desizns for horizentul
takeofs aim-bresthing lowor stages (HTOHL) for moon departure, which

ICH REQUIRBNKENT FOR TYPICAL
FLIGHT TESTS AND PROPULSION CAPACITY

The propulsion capacity of & space vehicle (A VA“”) must be
4o

os least as larpe as the propulsion reguirement (Avcnan)uf Lne

fe ¥, V49

given flight program or task group, indluding all of the associated

conditions such as payload, fiight time, launch site, and launch ai-
rection, etc,

AVany 2 AVeHaR »

Since space flipght prepulsion systems are usually rockets, the defini-
tions of propulsion capacity and propulsion requirement is Lascd on
the rocket eauation (momentum equation).

The 4v-values for prcp lsion capacity and prepulsion reguirc-
wens (in the fusure they will be set egual and called Av) »refer to

/

\
e fiskitious velocity increase of a rocxet in a gravity-iree and
dras-Iree space, which actually provides the energy or momentum
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Mission ov Migsionge- Bemersungon
. {km/s] duver
WWW’ eSS L a N
» - v o I Ty
' . F S - i ] o
> ERDE-~LED b o= 8,7 - 10 15 Min.,”” Schub/Sturtgoewiche » 13 {
*1 Anteill in Atmosphdre 3 -4 l - . Miglichkelt: Luftatmer~ |
| a5 Einsatz
2 il
i —t EWOES - GEO 4) 12,9 = 1%,5 5,4 B
. LEO - GEO (-LEO) ; [
if chemische Antriebe ¢ 4 (9) 5,3 a3k %
vlakerische 6 (12 5) 0,5-1£Mﬂnf725 ~ sufspiralen mit kentinu~
jerlichem Antrieb
e EKDE = FLUCHT 12,4 -
¢ | ERDE-MOND-ERDE 18 10 Tagedafs Apollo-iission chne
Mondlandung
i A ‘u;
- :| ERDE = MARS 13,2 3,8 S
. | LANDUNG - ERDLANDUNG !l 34,5 1,4 Subd L 0
.+"7| rocmerr - Y i Vs F
SATURN ORBIT 11,8 {21,9) 5,7(2.0) enie= | M( ) sshnellera Uber-
h gange (Nicht=-iHoh=-
i mann«Transfey)
{v’ . ; \"”“
{ ERDE~-URANUS ’ 17,1 LB Sl ballistisca dizukt
i 17,1 5 .um‘/’l5 via Jupiter=-Swirngby
{ SOLAR-PROBE Ly 7 Jalier YR auSor-Ekliptik 90°-
%
\ i : Migsion mit Jupiter-
: Swingbs
{ Vng goy
o | KOMETERSCNDE i 15,8 0,3 a2 Vorbe_;i;il.nazc“s\.hwmd
. (ENCRE-Vorbeiflug) | Vi keit > 7 k‘../;\
KOMETEN-RENDEZVOUS 13,8+12,1(szp)4): 2,7 el (5EP) | Halley-Vorbeiflug mit
" . Tempel~2-Rendezvous
oG KOMET="SAMPLE~KZTURN" | > 35-17") 5,9 ~ubiew (SEP) | ballistisch nicht
v 4 praktikabel
~ | FLucar aus 17,5 30 ok Zeitangabe gilt £ir
g SONNENSYSTEM o Flug jenseits Naptun
rv | STURZ 2UR SONNE w3243 0,18 J?.:%—. baliistisch nicht
- i ‘ praktikabel
{) LEO niedriger Erdorbit 3) aus 500 km Parkorbit
2) GEO geosynchroner Orbit 4) SEP Solar-elektrischer Antricb (25 kW)
1} LEO low Earth orbit 3) from 500 km periing oruis
2) GEO ge osyncnronous orbit k) CE? solar eleetrical proful
sion (25 xw)
TABLE 2-~2; PROPULASICN REQUIREMENTS OF SIVERAL MISSIONS FCR INPULSIVE
PROJECTORY TRANSFERS
12 ORIGINAL PAGE IS
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1= Sabler 3 - misslon dunictiony h o~ romarist U o- Hartk-ﬁzﬁl)

Lo tLruuL/takc»of? vci;ht: 5 - rurt in the “tmuurrnw

G- p‘AuLbil:ty: nir=broeathing usey 10 - Harvh-GE 102 3 11 - LCo =
GIo (=107 chendenl rronulsion; 1la= eluctricul propulsion:

L3 = Oplyaline upwards with continuous thrust; 14 - Barin Uocape;

30 o= dnpuh- .oou-E reh: Apolilo Misslen without Moon landing;

1 I
,1’)"‘ i‘«b.!‘ti. .\La. w3

he [

Pl & " . " ,,7
10 Dursh=-NMoars - landing - Zarth Landing
LIS Yt -
1hc- Suprth orunt - 3

Clpyde g n 1 A ae
wav 1" or»’:-v

1? - Faster trensfers (non-Hohmann transfer): 18 ;*uh-Urgnuu.

[os l;sa¢c dircet; via Jupiier 3Swinpby; 19 -~ solar probe; out of
»*int*c G3° - mission with Juplter cwingby; 22 - mct orobc (ENCKE~
“"yﬂv)' 2lyvby speoed; 24 - comet rondezvous: Hal OV-ilbe with tempel-2

rendesvous; 20 = comet sanple returns not practical ballisbically;

27 - LS ape from solar system; type glven is for flight beyond Neptune;

28 - erash irmo the surn; not practical ballistilcally.
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Ear.h-LEQ and for the launch or the lunding or many other celestlal
boa*es. “rajectory mancuvers In orbits around the sun op pianets
sueh avr, for example, LEO-GEO trajectory tranufers, cculd be carried
out using thrust accelerations of 10'3 - 10'5 gy For such mis-
siong, the propulsion system can have a low specifiec thrust Lf there
are no mission conditions on the flight duration or conditions on
the avoirance of degrading solar cell performance. This might te
imposed because the van Allen radiation belts of the Earth nmight
have to be traversed rapidly in order to avold depradation of solar
panels. Such trajectory spiraling requires a Ligher Av prepulsion
requirement because of the large gravitatlional losses caused by the
long propulsion times., For example, for LEO-GEQ transverse, and if
an electrical propulsion system is used, about 6 km/s is reguirec

in addition to increments for trajectory inclinatlon changes.

For missions to other celestial bodies, the Av propulsion
rejulrement increases rapidly to values which cannot be mastered
even in the future by chemical rockets, especially for flights with
return of the spacecraft to the Earth (this is because the payload
Practions decrease to about 10"5 or less). Use of the swingby
method usually onl& results in a slight improvement but can bring
about a substantial reduction in flight time.

The perrformance limits of chemical rocket systems are given
in the following PFig. 2-1.

Plg. 2-1 shows the payload ratio My, as a function of the
propulsion capacity Av for chemical and non-chemical rocket stuges.
zulred Av ranges of various groups of m;ssions are shown along

Accordingly, a single-stage chemical rocket with today's
technology reaches its performance limits at about Av ~ 7 km/s. This
means that for ascent into a low Zarth orbit (LEO), at least & one and
a half to two stage launch vehicle is reguired. The shaded band shown
in FPig. 2-1 shows the optimum number of stages for a chemical roc

‘W
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Fig. 2-1; Payload racio as a function of Propulsion capacity

with chemical orp electrical third stage,

1 = 1st stage chemical; 2 - 2ng stage chemieal; 3 - 3rd stage chenileal;
5 ~ 3xd stage electrical; 5 - fop single stapge vehlele; 6§ - pavloa
ravio; 7 - envelope of chemical rockets; § - propulsicn capacity;

9 = propulsion réquirement; 10 - escape; 1l - planet orbiters;

12 - comet rendezvous; 13 - erash into the sun.
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and this 10 the confipurution with Lhe vegst posnsible puylioad rutico.
Wo see I'rer tnis that each Av incroease ol atous 6.5 = 7 km/s corri-
P b

0 a payload deserioration by a factor of about 1C. In other
same payload mass, the launch vehicle takeoff welght

According vo Figf. 2-1 the propulsion requircment of chemica?
rocxets is limlted to values of AvE2l km/s for payload ratics of
¢ ~¥. In order to cover the propulsion requlrement of high enerpy

-3
1
missions, it is advantageous to use electrical or nucliear-thermal
propulsion systems for further acceleratlon of the spacecraft.

In the case of launch from a low Earth parking orbit LEO,
the figure shows third stages with optimized electrical propulsion
systems having different exit speeds Cor Such devices, for example,
are used for laterorbital freight traffic LEO-GEO-LEO (Av ~ 12-18

km/s).

From the curves, we can sce that aglready exit speeds cof Ce <
10 km/s have advantages for missions close to the Earth. For Co ?
20 km/s, the payload decrease is reduced with increasing Av compared
with chemical rockets, by a very substantial amount.

Depending on the propulsion requirement, permissible mission
duration and importance of fuel costs in LEO for a transport mission,
exit speeds of Cy = 30 - 80 km/s can be used, as will be discussed

in Chapter 4.

The low specific fthrust of electrical propulsion systems means
that fthe production of a required Av increment requires long propul-
ion times and, éherefore, long mission times. In order to reduce
the flight time, in the case of interplanctary misslons, the payload
is accelerated using chemical third stages to a veloceity which is

o Y, . P s TE= R LWt b
v etC Teuuh\:u ‘.....y‘&v

substantially above the escape velccity. However,

) ¢ . . - an -
~ Y LA T e v -
»f.\.u.c, T e V-&LA&IAB—M W b

time must be brought about with a detericration in ©he pLylilLd asliy
ty a factor of 3. Even for interor g

use electrical propulcion only above the van Allen o G Situay

o e ooeny LT
L L R

avout 15,000 xm) in order fto avoid excessive degradation o

o]
(SN
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3. CLEMICAL ROCKET PRODPULSION SYSTENS

AND ROCKET ENGINES

Chemical rocket propulsion systems are usced in space flight
for a large number of missions which can be represented as follows,
ordercd according to increasing thrust or total impulse:

-~ Attitude control propulsion for alignment of spacecralt

-- Attivude control propulsion for positioning spacecralt
and for maintaining position

-~ Attitude control propulsion for aligning heavy objects,
for example, rocket stages, shuttle orbiters, space
laboratories

-- Drajcctory correction propulsion for changing direc-
tion, such us mid-ccurse correctlons

-- Kick stages for large trajectory changes, for example,
perigee and apogee propulsion systems

-- Retro-propulsion for transfer into orbits around planets
or for landing on them (also for launch)

-- Transfer propulsion and propulsion modules for transfers
between trajectories with several course changes

-- Upper stages of carrier rockets to include tx ransier
trajectorics and parking trajectories

-- Lower stages and boosters of launch vehicles for launch-
ing from the Earth's surflace.

The thrust reguirement covers about § decades from L0
+ . s =
10 7 XN, Tnhe only new category in the fubure will b

’
e T PSP s T
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vransfer propulsion rodules, which nmusse d:::ver a substantial prepul-
sion insroment, such as is reguirad for trunsportation from the

t

ent,
Barithi's surfoce Lo a low Earth orbit.

PRESENT AND FUTURE SPACE FLIGHT LAUNCH VEHICLE SYSTENS

L
[

Table 3~1 gives the most important launch velilicle rocxets
used today or which are in an advanced stage of development., Eecauce
there 48 no dasa avallable, we do not pive any data for launch venicl
from the Peoples Republic of China and the reuseable space transport
vehiceles p:obably under develeopment in the USSR, With the exception
of the spoee shuttle, all of these launch vehileles are vertical take-
off oxpundable systems. All of them reguire 2 or 3 stages to reach
low ZEarth orhit. The space shuttice will be launched wish & reccver-

"3

oy

able 1st stage booster and a 2nd stage which will operate in parallel
stavting with launch, which is supplicd with a non=-rouscablic fucl

tanlk. Uhe 2nd stage, the orbiter, reaches cireular orbilt ucing addi-
cional on-board propulsion systoms and can land werodynamically. The

space shuttle, therofore, is a two and one=halfl stage roeuseable do-
viece, type VIOH This not only means we have reached the limlis
modorn technology in many woys, but we also expect a first substan-
tial reduction in transportation costs into space by using the space
shuttle., Filg. 3-1 shows the speclfilc transportation costs for ex-
pendable units and future reuseable space transport systems [231.

Two factors reduce the specific transportation costs: total size of
the unit ‘and number of launches, An example of the first kind is
saturn V. The Thor/Delta rocket is an example for the sccond kind.
In addition, the costs are reduced because the units can be reuse

The value for the space shuttle is 3000 D¥/kg and is substan tiall
bolow the trend curve because 1t is not completely reuseable, The
orizinal target value of 800 Dl/kg can probably be reached by step-

Rl W At

wise Improvenments.

From this and from the iInfluence of size, one obtai.s the
value for future heavy space tra re cems of about 80 DN/kg
(20 $/1ib), which has been mentioned frequently.

b

es
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TABLE 3-1: Selected launch vehicles

1 - Notation; 2 - USSR; 3 - ground

.

1

pacity limited by the technol-
presents a challenpge. This is o challenge to overcome the
present day performance and program limitati it should be resl-

in order to overcome them can be Justified from the further

lopment of space flight. By reading the present literature (in-

cluding & large study of NASA [1]), one can already clearly sce the

ihe coots and the transnortation cao
e

== In the range of small to medium yearly transpors
tion expenditures, including personnel transporta-

evement ol compicte recoverzbility and

¥y with simultaneous reduction of the num-

s oF launch vehicles with horizons

age Ga a4
ing characteristics, of the size comparable with %he
vtl

b
)
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u Saturn V
Shuttle o\ !
0 % w/ederverwend55 SeOmmenyrsrn f
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ILEO) Natzlast m, [k9]—>=

ifle transport costs (LEO) as a function

Fig. 3=1: BSpec
of payload.

1 - transportation costs; 2 - payload; 3 - reuseablo
-= In the range from larpe to very large yeariy transporto-

tlon costs, especilally rfor equipment: construction of
large-scale uni%s with several 100 ton vayload caﬁability.

The individual stages will land vertically usin 13 elusters
of ergines and these can be reused. ‘owever, horizontal
landing is also being seriously considered.
This trend to medium sized wingod VICHL dovicos with only a
single stage if possible (SST0; Sinpgle-Stase- -Orbit) cannot yvet
te ciarified on the basis of numerous shud 2}, This result Lo

" oad i # ~ A
ne -A.OJ-.L)U&\JJ W

i
controversial but it is based on the fact thns

single space vehicles is much simpler, and there are importunt con-
segquences for the operational costs in spite ol the roduced ShLyasud
fraction,

2C
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Studaes wivh sinple stage, veotd
2avrrmn vy el K] 3o
VWTOVEL) . Dwo now projdoet studies

sy.“cms with v

V"S

for both stap

Thuse space fransport

tieal tuacolf and

Sys VC‘u
not within the Llimitations of today's technology.
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ajority of rrcluct

R N 3 I
Can Lh&afg‘ﬁmf and -l-un *uﬁ c:,'wv&»m»

arasn seem to conuider ftuwc-sture
vertleal or horizontal lLandin:

s [23, €93,

Just mentioned, however, are

Their dcvelcp-

Sent assumes numerous and subztantial advanges in the direcstion of

gven lighter structures and better propulsion systens,
here Is the new requirement for minimun maintenance ar
E 4

flight,

In a&ﬁiﬁiong
ver emch

The materials and desipgn methods will not be discusszod newo.

Howaever, we can say sthat the new materials will play & fundamers

rol¢ just Like new des;pn retncds (’or examﬁle, computer controlled
¢ (

We expeet the following improvements in propul
both in the components and in She systems;

slon systems,

-~ High pressure engines
Thesc allow high relaxasion ratios and consequently hish
c¢ific impulse, even an the ground. Dhe space shuttle
s 3 space shuttle main enpgines (SSNE) at 203 bor. A
dditiona* inerease in the combustion chamber prassure
11 require overcoming technological limitations of
fumerous components [3], The oxidizer must be used fon
cooling such engines, Gos generators [4)] operating stoli-
chiometrically are requisites for realizing exmuusion
cycles at ultra-high pressures. Turbopunm

v
es

;

o * 1) P ~ *
pecially critical here, The specilic mass muct Lo so-
N p [« o2 @ I3 » [ .
duced by increasing the mevolubion riates. ANGLELID hiya

shown that the probable Jppe; limit io SO0 Sar Don Yio
crmtustion chamber pressure,

«
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-— NOuLIus With vurisble aroa ravior
The mutehing of the area ravic to the decreasiny cxXSednos
pressure during aseu.s of caryier roekess promises Lo
brins obout & substansicl improvement in the antwrus
papformance, This cun be done using pxtenduble nonslu
censions in two stages {(dual positlon rozziey) or In

four stages (mulsi-position nozxies). There ls ancuner
nossibilicy of using "unconventional' rozzles with inh=-

cernal or external nozzle surfaces. Ring throal nouzy ~€8
tmoay SLAt nogzzies can be integratoed very well an
=ua base area of winped launch vehicles (for exampie,
the Acrvospike engine of Rocketdyne). This can be donc
with supepr-cliiptical nozuzle areas for conven elonal efi-
. «
- o

- Mixod mode propulsion systems
ek

ove the perlformance drast

P . -
Thuose in wicasly, espoclally
2 L SN R v £ i : 3
for marginal missions such as the 8870, The congent is
-~

based o an analysis of
or seguentialily uses fuel with a high density ancé snere-
fove a relatively low speeific dmpulse in cong ‘upoesicn
with fuelsz wibth o high specific impulse and therel Tore &
tow density. The mixed operation aliows hiigher paylosds
than if one uses only one of the two fuel palss.

*

. Salkeld Lvg and simultancousa
v

Parallel operation gives improved overall results., This medne
s mixed mode S&TC launch vehicle in the simp lest case could operate
with Pl (engine of the lst Saturn V sty pe) in eonjunction with the
seii enyines.  These would be zupplied from a common LOX tani and
the substantial weight reduction

segparate RPL and LHE canks., Since

connected with the use of such enpines can be easily culouluved

two fucl combinations, these are now being studied at Lhe rogQuess
A2

whe
of NASA. FRecketdyne [7] is investigating an SOKI modifiention waleh
woil burn hyurogen and RP1l, propane or nethane b gonjunciion with
LeX. I i35 enpine, the two combinablons oin Le burnad in LorLus.
A% Aerc;et, the concept of & dual expander enginer T47 huo Leea de-
veloped, which burns LOX/RPL at L7g bar in & CUNUReL LLallor ab
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2 n vhis opcrational sluse At can produse 270

sungh phase (794 of vhis Lo producced oy
LeX/RCL),  In the hirher atmouphere, only the 1ng burner chumbor
operatus, and ivs pap nouszle producus over 800 kI thrust with a simul-
tandous altitude matehing offeet.,

== ALY Dleathing propulsion syutems
«noaddition to the mized mode principle, sthere L2 & cecoond
rossSibllity of improving space vehicle prepulsion systens ocn the sy-
stems raane.  This is done by using aly breavhing engines, W
iy dmproves che fuel speeilfic impulse, but uwluio pe-

oniy substantiall
Sultvs in o substanvial inerease in the propellied mass., This solu-
tion, theroelore, ploces speclcl reguivements on the overall systoms
fv\
”»

2
e engine perfermance o} o
spocd and the f"iaht altituée. Flp. 3.2 pives thae prelavicnships bo=-
& L gatning engines, additlonai propul-

d ratio i the pure rockets and air
pe,  Those are space transhort

of rockets and air breathers. ho
al casce where the inerease of the
o]

sy 2 E \ o
ut &‘t:l tic’na* QUSQJJ;%' mast. Ta:»m;

breachers for & s
vehicleos with parallel operation
Uppermnest curve represents the
exit specd Co oad is assumed w
is egulvalent impulse., Tho average curve varlavion
shows the increase in mass of the propulsion system die Lo uly bregin-
ing propuision, which 18 required to rooel the correspondin: egul
2

exlt s;nud ¢, oLy, " Roglivle utructur asw, addltional muss of the
alr breathing system and rocket payload mass give the variation ol

Lhe second gqualltative curve. The region between this curve and the
ideal curve represents the possible gain in payload by air breathing

as the gpecific dmpulse inereasces or the eaulvalent exit cheed
ki
L 5

. 4 -~ } R - San o - R

Co oaty inereases, first the paylead zain will inercasc duce o aly
o \A oas .
: 2 2 # » K I oW I |
creathing engines up to a certaln maximum, hen Lt deercisvs Llwman
untii Finally no payload gain can be achioved anymore. Ab this point
. ; & F3 N i e - b}
the increase iIin the speeifllic Lwmpulse is completely concumcd by the

()
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. . of possible pa*lead posn
?Q?f@rmeﬂ l’eﬂa“tly- The using alr=bren hirg prcjgul_
valuus shown in Fig. 3-3 sion for the Ifirst stages of
space transport vehicles.
fer Baturn V and space . R
e o % - paylcad ratio; 2 - lower stafles Lor
sruttic show the price spacc trunspory vehicles; 3 - pain in

¢
whieh must be pald for
rousing the vehlele and
rosurning it for addi
“2lonal missione, and the

4 e .
cost for horizontal land-

[

the shubtle payload:
copeesialiy cencrated by HASA

woyload ratio us ing air-b*eav“*n nrepul
sion; b - vocket payload ratio; £ - air-

br

rasio; & = rocket structural maes ratic;
7..

r

1N -

eaching propulgion. Additional maus

-

roeket; 8 - equivalent exit veloelty

insg. The curves of constant payload correspond to the fou~ regions
fined by NASA. The improvement suggestions can be found along this
Eyl

necording o results which have been
Langley, VEOHL launch vehieles can be

voduced $o about 66% of the mass of the present shuttle venlelo with

-

o simultaneous reduction of the number of stages to 1, il mixed modc

, clon systems (llo. 2 din
in coniunctlon with advanced

| 2

-y - 2 . . - . o
iy, 3~3; detalls in Table 3-2) are used
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Yor the payiead range abeve the shuttle, the VOOVL b
moUL nunerons in number. We expuct thut in individual steps the arid-

W

...o

r oas well as She booster of the chuttle wilil be changed and thoere-

o

l.
Tore poyloads of up to over 100 tons per fiipght will Lo transporved
» & “ .
foyo2E, 197, These launch vehieles will then be used to un i

>
o
L
o
m
2]

§

iny deprov for space near the Earth up to GEO, On the other nu
sho developnent of very heavy launch vebicles depends almost ¢n
on the decision abtout energy satellites in the space indvstrializa-
on and coloniuation. Here again “hcru are uonvent&onal decipgns

3

'y
K)

.!

Ve

3

(for example, 21: the Neptune con oent) advanced designs (2L4: mized
mo&u)ﬁ and optimist:e desipns (17: CCV aesign)%. Alr breathers nro-
vide the hiphest payload fraction (27: rocket with non=-conventional
nozzles and ranjet nrovulsion with external hydrogen combustlon under
supersonic condit*ons) Which of the advanced technolopies will be
used will f inally be deeided by other guestions, including cost effec-

5
tiveness, whicl 1 depends greatly on the freUUany of the flights.

-- High enerpy and advanced chemical rocket fuels
Tn addition to the present advanced technoloplcal concepts,
discussinns are continuing on the use of fuels with a higher 2rergy
content. For launch vehicles it s clear that the known possibillties
of metal combustion (in Triercols) and the roeplacement of oxyjen-
ased oxidizors by fluor oxidizers will not take place becausc there
13 nos cost erffectiveness and because of environmental reasons. Ac-

cordingly, LOX/H2 will be the combination with the highest effective

-

specific impulse for launch yehicles.

-= Non=-genventilonal ruels

T addition to ailr breathing engines, only on conventiond
rucls, exeited species, radicals and similar substances are possivili-
ties beyond the ones discussed above. This is because non- -chemical

“:v

propulsion can hardly be expected for the near future.

b 4o g h ' ~ 4 L. 4a $ —are o
Sueh fuels will certainly revoiutlonize tihc tecanc*c;a c

- g - o . & R
¢ exit speccs of ul Lo u,oil n/s

o)
launch vehicles. This would mean tha
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TABLE 3=2:

1 - Name; 2 - Remarks; 3 =-

& - winged HLLV; 15 -

Launch vehicle concedts

combustion; 4 - aircraft; 5 - i
17 - Koelle study; 28 - Boeing HLLV baliist
29 - Boeing PILV winged; 30 - 1lst stage
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could be achieved with 155 of atomle hy&rcxch in normal hydroen
{21]. If purce atomic hydropen wore uscd, one could even reach

20,000 m/s. Hydrogsen and ammonia in the metsllic state also reach
the same value. Theorctically, ¢chese could be produced with a large
enerpry supply at hiph pressures and extremely larpge magnetlc flelds.
Cne could rcach values of up to 30,000 m/s for excited states of
helium, so-called helides. The payload fractions of such fuels are
obvious. This would mean that a VIOVL-SST0 transport vehicle could
carry 3629 tons of payload and GLOW could provide 200 tons of pay-
load in LEO [1]. Controlling these extremely sensitive materials

and considering the fact that their manufacture will require break-
throughs in low temperature vechnology and magnetilc fleld technoclogy,
however, means that they will be developed in the very distant future.

3.2 KICK AND TRANEFER STAGES

The most important existing upper stages or those which are
under development or being conceived are the perigee and apogee kicek
propulsion units. The kick stages and the modules are shown in Table
3=-3. EBxcept for Centaur and Transstage, most of the units of this
catesory use solid fuels. This is because for the same structural
mass they give much higher overall impulse (see Fig. 3=-4), According
to a contract of the USAF for the development of upper stages for
the "Space Transport System" (STS, Space Shuttle), solid fuels will
be used. Three axls stabilized modules weighing 2700 to 9700 kg will
make up vhe Interim Upper Stage (IUS) in ocne to three stages. In addi-
tion, SSUS - A z2nd D will be used and spirn stabilized for the payloads
previously transported by ATLAS and DELTA (see Table 3-4).

The Hrend to liquid propulsion systems, however, is also clear
here. In the range of medium energy fuels, for the Jupiter orbiter
GALILEO, & spin stabilized propulsion system based on the SYNPHONIE
technology is being developed. No solid fuel system would have been
capable of providing pulses which are finely structured over many in-
dividual propulsion periods.
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P ererchnung 3 f (':31 I':;l Treibst, S X:?ﬂ lnki f :gr “i"‘i‘) Stabil, hef. L
Sterstuten: W b ‘
Certaur 2,606 13.560 Hal0z 133,4 4,566 W 59,1 Iohitien i
TTramstage 1,150 10,560 | Njoy/AZS0 7.0 2,503 Wz | ot | deAcrsen | 28 |
[ ‘
PO.6Y 108 bby Isolane 2979 42,0 2.0 44 1,4 Spin 24
Fa 4 ) o AP/PBAN .4 | 2,605 ) 8,77 Sp14 24
TE 3043 96,5 650 AP/PBAN 42,0 2.0 G LE Spin T
TE 3bd-4 95 1,040 AR/PuhAAY 53,0 2.785 85 1 2,50 Soin 24
yr . ; .
i TE-Meb16 30 3 AP/CTPB 26,6 2.844 3 0,55 fpin 2 |
S 6 A ) 36 AR/CTPE | 50,0 2,865 2 0,56 Sptn 24
5o 2 177 | Feststoff | 21,8 2,746 23 | o8 | Spin 2 ]
Symenunte 18,5 148 N204/AZ50 0,40 2,971 | 1100 0,44 I
S & , 64 &2 AP/CTFB 85,0 2,805 33 1,80 spin L 24
1) Mage 31 35,1 655 | SNIASFLEXADYNE | 35,9 2,903 53 1,50 Spin 2% |
3} €T 600 6.8 644 h204/A250 0,417 2,951 | 4.620 1,60 Spin 25 |
RetraAntrigbe: 3 ' L 1
Lunar~Orbiter 2 14 Na04/A250 0,45 2.726 787 0,34 JeAchsen 24
Mariner 9 10 T N4 /K250 1,33 2018 966 | 1,28 | 3-Achsen 2
Viking 76 2238 1,300 N304/A250 1,33 215 | 2.2 3,60 | 3-Achsen 24
1) Galiteo APM 188 850 N20g/MeH 0,60 3.011 ca. 2,48 Satn 26
0,0} 2,79 | 4,600
AntriebseModuln: ‘3
Burner J1 & 70 650 | AP/PBAAZAI 44, 2,850 4 247 | eachien 2
30 240 hP/CTPD 3,3 2,572 28
Burner [leé 197 1,040 Feststoff °) 53,0 2,785 65 o 2,9 J=Achien o
oy 183 7,3 1 6 Festatoff ) | 42,0 2,605 ') 1,8 3-Athien 24
2) MY 126,3 655 | SNIA-FLEXAOYKE | 35,9 2,503 53 1,9 Sain W
2) Hetam Ic 270 1,600 Fa/Hp 5 L2017 | 1350 | 6.8 3-hehsen 29
2y Linos 1606 220 1000 | N,0i/A250 1,64 2,950 | 2,990 48 I-hchsen 2

TABLE 3-3: Selected propulsion systems of kick stages and upper
stages, retro-propulsion systems and propulsion modules
1) under development, 2) concepts

3 - Name; 4 - Upper stages; 5 ~ fuel; 6 - axes:; 7 - solid propellant;
8 - retro-propulsion units; 9 - propulsion modules
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TABLE 3-L: ST5 upner stagcs and advanced OTV concepts for
LEC/GE0/LEO transport.
1 - namey 2 - fuels; 3- tot; U4 - stage; 5 - column; 6 - storable

e
in space

The development will go from this space storable combination
to hua.s wr completely cryogenic systems, LOX/MMH is suggested as a
fuel combination [16] and uOX/H2 wlll certainly be used in future
"Orbilt Transfer Vehicles" (OTV) [17]. One of the engines with pump
propulsion is the "Advanced Space Engine" (ASE) [22] developed by
Rocketdyne,

i, 3-4 shows that advanced design concepés will lead to the
expectation of structural factors just like for solid fuel propulsion

range of the maximum total impulses, such as are re-

-

e
oy Ay Ay kg s o ] < e
guired for LEO to GEO and back, the mixed mode principle could alczc

be usod to advantage for marginal missions {15:. RO TOLLL CoLvs Wuw
meeting a glven transport task will also deci i oo/ G/

LA G &7
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vage vehicles will bve use or wWh
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will be used entirely or partially. After using LOX/X. Jow
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slel astapes, NASA [10 ic consideringe the sronsitlon te LE
Uhio would muan thut the stauve cf vechinolory of fiuor propulsion
Sysvame would bBe usoed for a practlenl purposc, The use of flucy
in large auounts (sueh oo Lo required Por high total inru™ae), how-
ever, 1o doubtful., Instead, we oxpect that 4¢ will be used foo
mleglons with ocomewhat reduced propulsion regulrements {2-5 o),
for ¢xu %?l», pianctary micsions., Iore woe will walt Lo see whethop
the WalA=Ilinanced JPL duvelopment of & FQ/Naﬁg propulsicn system
Lo osuccessful or not., In addition to o very high spueillc impulse
(eve Table 3-4), this bimodal system has the advantapge thut both
the main propulsion und the abttitude control system io supplied
only from a Single rfuel tank. Also, two thrust stages (menerpol
with NEHQ and diergol with *:/\ﬁ H“) arc required for trajuctery
corrections and retropropulsion, and this roguires only o single

[+
<t

engine. SUHuarising, we ean sc hat high energy chemical fuels
wiil soon be used for decp space missions (high Av).

3.3 PROPULSICON SYSTENS FOR ATUITUDE CONTRCL
ND TRAJECTORY CONTROL

The rocket propulsilon systems used for attitude control and
trajectory control are often callcd "secondary propulsion uﬁlts”,
because usually they are installed in addition to a main propulsion
system, Compared to the engines of launch vehicles, they provide
& small Av veloeity increment or total impulse and a low characteris
tic thrust (see Table 3-5).

The thrust range given in the table shows the typi desipn
range of chemical propulsion systems for attitude control and trajec-

ton systems [31]. In some cases there are substantial

;.1.

tory correct
deviations. For example, for the nutation damping of INTELSAT V
(ccmm nicy
ectrica
control, the engine thrust has values in the range of a fow mi, The

tions satellive), 22 XN thrust engines are useéd. I2 the
ssed below, fox Srolectoyy

engines for attitude control and trajectory control of manned Sruce=-

eraft in future space transport systoms occupy a speclul pesit.on.
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TABLE 3-5, Typical desipn ranges and requirements of attitude con~
trol systems and trajectory control systems for satel-
14‘-65
oo whe 1]

1l - attitude control: 2 - trajectory correction; 4 =-4Av - require-
ment (m/s); 5 - total impulse Itot(Ns); O - thrust; 7 - propulsion
txpe; 8 -~ number of pulses; 9 - pulse duration; 10 - mininum impulse
(Ns); 11 - electrical energy requirement; 12 — neglipible for chemi-
cal propulsion. 0.1 kW up to several kW for electrical propulsion.

1) Smace shuttle orbiter L) pesaturation with electrical
2) manned space vehicles ion engines
3) P pulsed opration 5) electrical propulsion

D continuous operation

URIGINAL PAGE IS

Thiedir thrust level extends into the kN range.
OF POOR QUALITY

In addition to the general requirements known from the main
engines, the requirements for high reliability, low welght, small
dimensions, etec,, which also apply for trajectory control and atti-
tude control systems, according to the preceding table there sre a
number of other requirements., This includes pulsing capability, hizh
number of pulses, variable pulse duration of a few milliseconds u
to several hovrs, good reproducibllity of the thrust profile with
low Zignition delay time, low thrust buildup time and decay time of

The long activation times of the thrust nozzles can occur

kel

5+

a few ms, 0
for avtitude control purposes during so-called desatur
n electrical engines are used.

=r

&
e e
titude control systems, angular momentum storage devices
lar momentum wheels, reactlon Ilywheels, moment ©vo o}
e

R
e
scopes) and angular mementum genrerators. In these cas
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on she ovher hand, the elvetrleal prupulison seteiie hLve ex-

greme perfopndi.ce limitations, uv neast as oeon ecvad seduy. Woe
speeific porformances of tho ererpy surpLy Ainstallasions lled un

the panpe 20 - 60 W/xp and in Lhe near future ic 421 be a muximunm
Of 100 - 4-06 ’)’ I‘Cb (Sbb uo* ’

The speeific porformance decreasces LO aLsut on e~fourth lox
the engines and the enerpy conversion. Today the ,rcuecteﬁ gatcuni-
cal propulsion modules will achlcove about £ - 14 W/kg veferrced Lo th
pross welght., For comparison, the specific performences ol the
larpest chemical propulsion stages are about 2,000 times as larg

(up Lo a 1ift-off welght of 2.5 X :‘..Gli W/xg) .

ohe maximum possible speclfic thrust for the electrical oy-
ms is also very small, so that the achilevable gccelerations lie in
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This means that in the near future

1. these propulsion systems can only be used Ifrom
a parxing orblt,

2, 4in order Lo reach a typical dv value, relatively long
acceleration times are required, typlecally months or
years, and

1.:.
jo

3, Qor many typilcal flight missions, for example lifting

warth sabollites from a low orblt into a synchronous
ortit, cluctrieal pystems will have o hipher propul-
sion reaquirement (4v) beeause of sravitabtlonal losoe

compared with chemical or nuclear-thermal systems v*“

a higher acceleration.

For very complex missiongs with a nish propulsion requiremcnt
and long flight paths, for gxampin i '
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Applicatvion of thln cpvinmlsuticn proccaure to o]
¥ - o b |
is thepcefore very rouph, beecause in practice first ¢f all the speciile
[ TSN " I g e o \
PRrLSTmEnees usuLlly vary during the flicht (distance to the sunj,

o e
in preceice t{he thrust as well as the exit sreed will
ke flight (Just like for chemical and dual mode nuclear
< Y. Thirdly, the payload will differ for the out-

vary during th
prepulisicn sys 5
bound and return leg of the flipht

In spite of this, this rough optimization gives a good over-
view about the general relationships, especially for the upward and
raling of LEC - GEO - LEO, where t also represents the

tion. From the diagram in Fig. 4=1, we can see the

1. With an eleectrical stage, ocne can achleve almost
arvitrarily high veloecilty values even with good
pvayloads (for example, Av = 50 km/s) 1T sufficient
time is avaiiable (for example, for research mis-
sions with unmanned probes).

2. For each gilven mission (Av) , payload fractions can
be traded off agalnst time. Tor example, for
satellite 1ifting LEO - GEO Ay » 6 km/s, we find
that W, tHg = .25 for one month or 0.75 for one
year, for specific impulses of 950 sec, or 4500 sec,
in the first case, the fuel consumption is much

ipher and in the second case the flight time is much

o

£

gh

=
5

@

r.

3. The shaded band chows that for a relatively small
range of exit speeds (ahout 20 ~ 80 km/s) one can
satisfy a wide range of fiigh“ missLon
500 m/s for north~south trajec ;i
very high energy planetary probes with Av » 530 k.o,

ey o Y - o - P
For a synchronous satellite the mass frar sicn oo
. weee ™ e 3 o - Fa 4
the entire prozulsion syste 5 o= Lk,

s
and for a probe it i. more like 75%.
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L, Dhe diapram also shows the Ifligh% times ¢ for
L piven specific performance (o = 30 W/kz). For
consgtant payload the propulsion times increase
aceording to (AV)E as expected.

The following are Important for evaluating, selecting and
cost optimizing electrical propulsion systems, in addition to the
payload fraction and the flight tine:

1. The clectrical enerpgy supply installation often
1s counted as completely or partially payload
at the point of arrival or also in between (power
sharing). This means that the effective specific
nerformance of the propulsion system is increaced
by about a factor of 2 and the cost fraction de-
creases.

2., TFor repeated DMights (interorbital transport), the
higher initlal costs over many flights and the lower
fuel mass which has to be transported into LEO become
more important factors. However, the flight time
also becomes important, pecause the number of units
for a gilven yearly transportation nmission is deter-
mined by this. Therefore, the chemically accelerated
.return flight of empty electrical "tugs" can be con-
sidered. |

Since the performance limitations of electrical propulsion sy-
stems depend so strongly on the energy supply units in space, we will
now give a short summary of them.

4.1 ENERGY SUPPLY INSTALLATIONS

The '‘availability of electrical energy on the space vehicle is

a requirement for any electrical propuision unit. Degendinzy on the
thrust requirement, it is between several watts
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Fig. 4=2. Methods Jor converting primary encrpy into
electrical current.

- Primary energy; 2 ~ solar cnergy - nuclear energy -

homical energy 3 = heat; 4 ~ dynamics ~ static;

~ photoeffect - MED -~ turbomuchine cenerators -

chiepmoelectric - thermionic - batteries fuel cells;

- glectrical enerpgy.

The production of electrical cnergy in space vehicles can bLe

done in many ways. Fig. 4-2 gives several possibilities in the form
of a block diapram.

tingui

Two basic types of energy supply installations must be dis-

shed;

a) the energy source is carried along,

b) the energy is introduced from the outside (up to the
present time only 'in the form of solar energy, later
on possibly using laser radlation or microwave radia-
tion from the ground or satcllite generating stations).

The conversion of primary encrgy into clectrical energy is el-

ther done directly using the photoeffect in solar cells or chemical-
ly-clectrically in galvanic elements {patteries and fuel cells). Cr
ok slay

this can be done indirectly using thermal cne

zy. The convirsion of

heat energy into electrical energy can be done stabically using

k3
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Specific performance of energy = ply installations for
space applications [37 - 401 (alpna here refer to the
mass of the energy supply installation).

Fis. L}"'B:

1 -~ specific powera [W/kgl 2 -~ electrical power: 3 - solar power
plant satellite (2000); 4 ~ JPL studies

thermo elements and thermlonic elements, or i1t can be done dynamic-
ally wxl.g the kinetic energy making use of MHD generators or turbo-

ectrical heat machines. For example, there are gas turbines (Bray-
ton processes) and steam turbine processes (Rankine cycles).

The waste heat must be removed in every case using radiation
coolers. In these systems, the energy converters have to be carried
along and this limits the specific performance of the system. Only
two candidates have been accepted from many possible concepfs for
propulsion energy supply units for the near future: solar cells and
nuclear installations (radioisotope batteries (RTG) and reaciors).
Chemical energy sources cannot be used as primary energy sources for
electrical propulsion because of the low specific energy. Chemical

tteries and regenerative fuel cells are used in solar installations
torage units during dark periods. The reasons the other possible

(e
£
ct

o
©
t

systens are not considered is becuuse of the simplicity of maintain-
ing the systems and the proven lifetime as well as the exceptional

r &
mprovements in soliar cells as far as weight, efficiency and costs

&

p.

are concerned. These will be reduced even more in future mass produc-
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installavions do not require Lhe very accurate paraboll

equired ror solar ivhermial inctallations, nor do they have to b
exactly aripned towards the sun, which places severe reguiremento
the attitude control system.

¢

Fig. 4=3 shows the speelfic performances as a function of

performance for such installations, for present day and future con-

cepts, Wo can sce that based on the requirement for @ hiph o,
only solar installations are candidabes for propulsion today. In
the future, newly developed reacters will be more favorable for
many propulsion tasks, because in addition to their specific per-
formance they are independent of the solar radiation density, in
other words they are independent of the dark periods fer Earth
satellites and for planetary missions far away from the sun,

For the far future, we can distinguish the following fthree
ranges [40, 417;:

1. Solar cell installations up to about 100 kW (500~
1000 m2) for the region near the Earth and for re-
segrching the close planets, comets and the sun
(SEP, Fig. 4-5).

2. DNuclear installations above approximately 100 kW
to several MW for large satellites and large propul-
sion tasxs in interplanetary space.

3. Solar energy satellites in the gigawatt range with
elactrical propulsion in the megawatt range for
trajectory and attitude control and transport.

4.2 ELECTRCSTATIC ENGINES

-

In these engines the charged particle

0

s e
sleciric field whieh is constant in time. In order TO &VCLU 3ate
Y

herging, the jet has to be electrically neubtralized by means o©

]
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of the loens or charped drops:

Slreet current pas Gloeharpe Xauman lon

with electredes (electron engine
colitsion donizacion)

Alternating current mas dils- Radio Proguency

charpe without electrodes lon engine

Duoplasmatron lipht are Suo Plosmatron
lon engine

Ionizaticn of cesium on a Contact loniza-

hot constant surface tion engine

Fleld ionirzoation on sharp Fleld emission

wetted odpes or tips ilon pronulsion

Charging of droplets on colloid engine

gnoil y ps or ed

In the first three engine types, first a neoutral plasma L8

produced and the ions are oxtracted and accelerated. In the other
ones the ions or charged drO‘lets are produced on a surface and
are accelerated.

The comparison parameters and their possibilities ol lmprove-

ment are the following:

1. Lifetime Reducsvion of the
neuwtral Jow Juio-
tion (at presund
H=200) in coasn o0

eyt @Y R

-
Py
S T »«\-& GO v e

A N .o
a1 vey Cul«.{'\_..v \44Lug.u.u‘ s
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Current density

Concept simplicicy

]

o
;H.v

Ove system weight

Switchabilivy

Fuel compasibility (for
warge thrust, near the
Earth, 0TV and larpge

Sutellite compatibility
L

k7

and

L)
¥
<)

1 £
3
[
[ o
[4
(33
[ &

p
;.1.
o
fo 4
AL
<
1P
L&
<t
E&]

Reduction of the
reguired energy
(200-€0C eV/ion)
of the neutral

Iraction and the

velocity distributicn

Increase of

e
1%}
tion field strength
o
o

Direct fleld emission
of the fuel

implification of energy
conversion installiation

tion, we have, depending on the mission:

Reduction of heating
times (for attitude
control)

Arpon, Xenon, nitro-
gen, glycerin as fuel
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In most nuew evaluation ctuulcs, Xaulman cnpincs or rudic-
frequency engines ave seleetod. 1fetimes of up to 15,000 heours
have been demonstrated in ground tests and 20,000 hours are posﬂ‘
ble (additional date in Table &-2).

3

o

Since 1962, at least 13 f£lipght tests wish lon enplue
been carried out. Nine Cs contact engines, 3 He- and 2 Cs
collision ion engincs have been test flown in 9 flight fes
USA. At least 4§ ballistic rflight tests with electron coll
engines with Ar, N, and air have been carried out in the U
al of them were successful and demonstrated the following

T

1. the expected thrust,

2. complete neutralizatvion of the jet (no eleetricul charging
of the satellite was measured), however, they were un=-
expected difficulties during the operation in the gravity-
free space.

In the case of the Kaufman engine or clectron collision 1on
engpine, the ilons are produced in a low pressure gas discharge and
are sucked away in an electrostatic fleld between the discharge
vessel and the acceleration grid, and then they are accelerated.
The development time up to a useable unit amounted to 20 years.

In 1977, a comparison study between solar cell and the electro-
static propulsion led to a clear recommendation for electrostatic
propulsicn. As a consequence of this, NASA now is supporting a long-
time low thrust system. 'In the 1979 budget, there is an item ?
the initiation of an electrical primary propulsion system for NAEA/s
planetary exploration progran.

The data of the Kaufman eingine selected for this [L5] are

the following

Specific impuise: 5000 s
Thrust: 225 mN

48
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Fig. b.4: Kaufman engine (Huches)  Fip., L=5: Propulsion unit of &
30 em diameter standard medules
25=-50 kW SE?S
Performance: €.4 xw
Spoecific weight: 14 kp/xW
Engilne diameter 3C em

Fig. b=4 shows previous models of this motor.

Each of the two selected 30 om engines are collected intco &
propulsion module together with an energy conversion unit system.
Depending on the flipht mission, several modules will be put together
into a propulsion stage [L4]., As an example of an important mission
for such a concept, we can consider the rendezvous with the comet
Tempel II, Fig. 4-4 shows such a propulsion stage with 1C engines.

light tasks in the far distant fucure, engines with diameters
between 50 em to 150 em have been tested., [408] rmives a parametric
study o lon ¢ngines of various glzeo with different fuclo. A 50 em
diazmeter engine with moblle gas fuels is sugeested as the cost optimum
cclution, from many points of view, and as the next stape of iLon cn-
cine development. 120 cm engines (264 W) using argon as a
being sugpested for transporting pewer pliant satellites [S3].
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Advantapc
-~ woll suited ror pulced opeor- ) .
ation ; TN
-= pimpiilelty of the total sy~ , ,
stem (no enersy conversion) : . 4 Lo
-- high peliabilicy S ) S
-=- high thrust densicy ; s, )
-=- high state of development: ; ’
flipghy tested e eeme s e o222 et mire ¢ s 0 e
-= nigh efficioney (70-80%) :

Fipg. 4-=9: Pulsed NH, resistojet
for statlonary operation, (AVCO) 7

Disadvantages:
-=- low specific impulse, limited by wall temperature (320 s with
.\.:13, 70 5 with H )

-- low lifetime 8,000 h
Secause of these advantages, these engines were used for

attitude control in the carly 60s and successfully over a dozen
Vela satellites (see Fipg. 4-9),

The data for the system are as follows:
Input power 6.5 W

Thrust 133 pN, 445 pN, 1.3mN, 4.5 mN

Specific ;
impulse 150s, 180s, 180s, 165s

gecause of the nigh thrust density, resistojets with a

input power arce heing built both in England and at Marquardt in the

U8A. Hydrogen is being tested to inercase the specific impulse,
speeific impulse of 670 to 800 s, a thrust of 0,65N and an effi-

ciency of about 77{ has been achieved., Storage problems for hydrogen

are one disadvantage.

Today the development is concentrated on electrothermal hyd

[l

zine propulsion (HiPEHT) Fig. 4-10., Hydrazine (Ng‘k) is stored in

54
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to a nouzie [50]. propulsion (HAPEHT)

In the USA this type is being

Intelsat V:

Speclfic dmpulse 220

330

Thrust 180
Specific perlormance 1.3

In Europc, ERNO under contract
gclectrovhermal hydrazine engine
thrust raonge 0.5 = 2N and one for

ing on the
ve been developed: one for the
0.08 - 0.35 N, The desired specific

A weight comparison
control of the Intelsat V shows that
impulse 1is important in sp pite of the

Y

Hughes ion engine for a 1

TROTHIERNAL AND E

SLEC
PROPULSION SYSTENS

=
B o
<3

the overall syst
the disadvantage of a low specirlic

developed by TRW for Comsut's

#»ehanger

~

s without hout
h\«dt AB

s with "
450 mN
W/mN

to the ESA and the Gfw is work-
(EET) [94]. Two engines

impuvlse is 300 s.
em for N=S trajectory

advantages. 191.8 kg are re-

cuived with HiPEHT. 57.2 kg [51] are required for the 8 enm dicmeter
fetime of 7 years.
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ELECYROTHERNAL LIGHT ARC INGENE

Mo 140kt are encdne is oan engine whieh has been analyt

and experimentally dnvestigated for over 20 yewurs. Ivs prineiple lo
bused on heating the propellant pos using a lipght are in & comius-
tion chambor and thore is subscequently relaxation through a ncoulce.
Sinece she light are temperatures oxtend between several thoutand

to several tens of thousand degrees Xelvin, depending on the gus
type, spucific impulses of several hundred to even over on thousand
soconds can be veached in the exit jet. One disadvantage of thic
ropulsion system is that the gas dissoclates at these relatively
1oh tomperasures and partially ionluzes. The dissocliatlon and loni-
zation vaersies, however, mostly eannot be recovercd during expan-
sion (frogzen flew). Therefore, the ofrfilclic

ous gaces and certain sharacteristic specific impulses, to less than
405 depending on the combustion chamber pr ‘

IS inereases, the efficiency again increascs because us
the combustion chamber temperature increases, the rela

of the reaction heat to the total enthalpy of the propellant
creases. Wable 4-3 gives a gqualitative evaluatlon of various possi-

£

The efficiency which can be achleved at high pressures ané for
exit speeds of aboutr 10,000 m/s is very favorable. is means that
this typ. of pronulsion could he considered for certain future mis-
siong such as the 0TV (Orbital Trensfer Vehicle).

As an oxample of a regeneratively cooled 30k¥W light are engine,
r, 4-12 shows a machine developcd at Gilannini [53] with a combus-

tion chanboer proeccurce of about 1 bar.

ifebime tests with a radiation cooled light are engine have
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mable 4-3: Gualitative evaluation
wf various propellants
Por lipht arc propul-
sion systenms
1 - specilic impulse: 2 - for;
3 - availability; 4 - storable
in space?;5b - manipulation;
& - environmental compatabllity:
cl

~ regenerative cooling capaclty:
- average
very good, pood, average, poor,

ery poor

N—

| | ! i ) H |
~ESOO0 T 1100 1300 1500 T/o0 1u80 T <100

. |- spez. Impuls in sek.

fPiciency of frozen
low &s a function of
specific impulse Tor
hydrogen at various
combustion chamger prese
sures [52],

1 -~ specific impulse in seconds:
2 -~ pressure
57
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TABLE 4-4; Charactoeristies of NMID ongines with foreipn flelds.
%‘- ori;in; 2 -~ jeometry; 3 - magnetic field; 4 - cathode; 5 -down-
] regm £ current; 0 - upstresn of current; 7 - Russian; 8 - Japunese;
9 - development; 10 = development; 11 = electric°1 power; 12 = dig=-
charge current; 13 - masSs throug bnut 14 - fuel; 15 - thrust;
K )

»

naS
exit speed ol ;7 - or

NMAGNETOPLASMADYNANMIC ENGINE

o

The pas is ionized by the very high light are temperatures and
can again be accelerated using electromagnetic (Lorentz) forces.
Propulsion systems where the electromagnetic fraction is dominant
in the gas or plasma acceleration compared with the thermal accelera-
tion are called magnetoplasmadynamic engine systems or MPD systems.
They operate abt a relatively low combustion chamber pressure (5-10'3 -
- 0.5 bar) and can be tested only under very good vacuum conditions
with reliabliity because of the interaction between the 1¢ght arc
discharage and the surrounding pas. According to the operational
state (stationary, gquasi-stationary, pulsced) and their acceleration
mechanism (eigenfield fow»&rr io.uiE the MNPD propulsion systunms
are classified into varlaas catvegorics, Quasi-stationary pulse dura-
tions mean durations of 1 ms and longer,
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Phe guasistuslonary cioenilelid aeecleration dovicos hiuve CLnilix
geoneirivs L3 the stationary dovices based on vhe faet Lhit “Lho nhyslead
processes are the same. The howw Loads are snaller In thom ana ShoePe-

f oh LeLGr o

1

fore they can be operatcd at higher eurrents (20-30kA), wh
more favorable efficiencies because of the substant
accoleration fraction [HE].

In tho case of MNP nropulsion systams with low curruntsc, tilc
cleceronmarnetic ceevleration part is not sufficlent beeause of tho .

T o ke L e § 14 = 3 b N » u b P » Yo IR .'!J ®
row cisen mosnetic field.,  Using a coaxial foreign fleld, this vieoetro-
st bt iy 3
~ £y s 5 > .. b B o v Y el o
magnevic ceceleration part can be inercased. Because of the Hull ef-
NE N e
L wad

L
fect of the crossing curvent density lines, when the magnetic
1s applied, asimuthal ring currentcs are induced. Thelr in
with fhe applied field produces fthe accelerating Lorentz force

Table 4-4 shows several such machines with typical configura-

b rst two devices with Llow currents operate in the glow
dfscharze rangse. The plasma density is accordingly lover than for
the other types. Both of them have a cathode downstream and ou?b
of the aceelerator itself. They differ in the confi
applied magnetic field. The HIT Ak (abbreviation ro
[56] has a radial field in the acceleration space caused b

rrite cores. The Lewis unit [80] produces o divergent mag-

Cr
(8]
s

¥ C?

axial fe
rnetie f£ield by means of two coils concentered with the eng
e

similar to the threc next devices [81, 62, 63]1. Thes
2

ate in the 1light are range and have substantlally greater

mhe thrust and mass throughput is accordingly larger. The fuels
witich could be used for these enpgines Znclude easily ionicalic
alkali mebals sueh as pobtassium and especlally litvilwa,  Iio. 4-iw
shows a “ypical Li system bullt by ECS.

r on
*

The accelerators described, including the Japanuoe LIl oo -
ator [48], were developed as laboratory units. The Russiol winaies

60
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of “hio type [€47 have boen .
LI 4 3 .y
4 Q * " . J - » -
Lloht cestow sinee L3975, : ~.
Py s ¢ .
2 . , \‘
: . N -
w -y R Y - n R Wy ey ey ! »
PULSED PLASNA ENGINES ‘ o - 3 :
{fﬁ //Z Y
’ ‘&.' . ”";‘ r
( /ﬁ/\."&'h—::\/ '
in contrasv vo the At A a4
v )
larﬁu st ‘;ion;ry and Q'\:\a'&i" t . é”'&”"i T If
o ¥ ———ete ey W T Doy
~ " g . L R A 3oy .
statvtionary plasma cngilnes, . . . i
J R 2 7 . ’ l
S . H
. . » n [ AN l
nulsed ungteady plasma en=- e I ; i
gines (discharge time p os) Lo STy ) i
— ——§ % .
LY - : ¥ ¥ 3 B
have been avallablic as : R r L
f I % 3 :
AL R L 2 . 2 we
cuxilicry propulsion units P : ;
Vo s
for atvitude control for .
L]
¥
several years., These are b . IR :
PR = . s
- b I T L] ’” *
small simple devices which : i, - i -
. P i -
- ~ s - . N Py
use electrical discharpge of s - .
. 6" N

one of soveral condensers

for the thermzal or electro- .
Fig. 4=16: The m¥ engine bullt by

magnetic geeceleration of the Fairch**a for Nerthi-
fuel. The fuels usually used South trajectory control
is the insulator Teflon,

which ablates by means of a discharge through its surface andéd is then
lonized,

Advantages of this attibude control engine includes the possi-
bllity of producing precise and reproducible pulses for an effective
exit speed of several thousand meters per second., The efficicneles
e small but do increase with the impulse. Fig. U4~15 shows the
officiencies and average comparison thrust Fv as a function of the
effective exit speeds ¢ [65, 66, 511,

e Teflon enpginegs which have been bullt and partinily
ed for attitude control of satellites. The mN engine

iz used for north-south frajectory control and will bLe JLioht tocved
e - K v 1 i~
in 1980 or 1681. It is shown 2n Fig, 4-16.

e - . hifid AR - B e oy - o

A Japanese pulsed MPD engine with arzon &5 vhe propellunt Lo
nlanned for a fiisnt on Snacelad in "99'! F’?"
Mlids a 30 .L.&&,Al\l i I il dds LMYUL S
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4.5 AAGNEDIC COILE

Attitude conurol can be done using three magnetic coils ine
stalled in the spaceeralt control axes of an Earth sabtellilte, and
& thrust systom can be avoided. This iu because they can interact
with the magnetic ficld of the Farth and provide the desired torque.
The passive magnetic stabllization methods (for eyamo*e, AZUR
[€87) has buen instzlled 4in the meantime in g number of Earth satel-
“ites. This includes the German AEROS satellise L€9], the ANS, SAS-C,
RAZ, 040, 080-7, LZS-5 and the NAVSTAR navipation gatellites of the
"Glebal Positioning System" as well as the RCA SATCON communications -
satellive {70 - 72]1. fThe magnetic atsitude con trol derives its
the environment (solar enerpy).  In other words, thare
is no fuel consumption and the related contanmination of the satellite
5 caused by the engine gases. Okner advantages incl
ileally infinite 1lifetime heccuss there are no moving parts.
is also very simple and highly reliable. The syst
an be lower than the correspondi s attitude control sys
sing thruzting nozzles, especlaliy for longer missions [71]
"

.

u
is also the advantape of continuous and variably adjustable torques,
h has to be contrasted apa.nst the impulsive character of a

system. Also, "pure" torques are generated withous any

~
[&]
ng force components., MNagnetic attitude control is always &

.

perturbi
ossibility for flight missions with high requirements for maintoin-
a certain trajectory, such as for example navigation satelliite

™ R S
-1 3 C
o M

In this case the torques are produced with thrusting nozz
whieh are activated in pairs because of the fact that there are ale

ways thrust differences which lead %o small disturbing forces and
therefore to trajectory disturbances.

L.

4
ky
To)
3
£
L
0
i
o
’..J

1

For present day orientation acecuracy reguirements
te, magnetic coils are usually combined with othor systems for
(

> 4sd

=

™.
caa. -0

attitude control, consisting of momenitum storage units
reaction flywreels, torgue gyroscopes; and torgue genora

R Bt " - .
1 .n.:,"n..’.‘.\}ﬁ.uu 3
-
W

Tirst American three-axzis stabilized communications saoelllooe MIA
SATCOX 1s a typical example of this. TITts avtitude ceonvool oot

62
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mhe dual-node system had the advanvupe compared with two-
stape vehieles that it had high thrust avallable Tor the various
mancuvers. Therefore, it seoems promising for many applications

in the remote future.

6. ADDITIONAL PROPUTSION CONCEPTS

Amonpg the propulsion concepbs discussed here, we would like

to discusc four which can probably be developed in the near future,
Two obthers also exist whose technical realizatlon cannot yet be pre-
dieted. This includes solar cells and "[MPD ramjet" in the form of

ﬁon-wockets, planetary atmospheric propulsion systems as combinat:
propulsion systems, and solar-thermal, laser and fuslon propulsion
systems in the form of rockets.

)

80 CELLS

fd
x>
v

This concept has been suggested for gsome time. The radiation
prossure of the solar light {0.9x107 -5 N/m at 1 AE, total reflection)
is5 exploited using a large reflecting surface. In spite of the fact
that the radiation pressure pushes radially oubtwards, solar cell
driven spacecraft can also spiral into the sun, 1if the thrust is
directed against the direction of flight by sultably positioning
the mirror. After approaching the sun, the cell 1s transferred to
the thrust mode in the flight direction. Therefore, by flying around
the sun, the spacecraft gains considerable thrust. The advantage of
the solar cell (compared to solar electric systems) is that within
the temperature limits of cells (about 330°C) the payload can com-
pletely exploit the high radiation density near the sun (16 solar
constants at 0.25 AE) without the need for additlonal largs weight
expenditure,

The solar cell principle was already used in the U. S8. Fariner
probes (for example, Mariner IV Wars) for passive attitude control

using moveable solar rudders.
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In the past four years, OF POOR QUALITY
MASA considere d the solar cell
for planctary reseaych programs o - ey

[873. Compariscn s uaies (com= :
petition) between solar cells :
and solar clegtrlic propulsion ] P
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were carried ouv for several
complex comet missions (Halley
1985-86 rendezvous) (86, 105).

[N U

Enormous solar cells Fig. €-1; Solarcell. with =g
with areac of 6-T7 x 10° 1 sailing surface |
with extremely light structures (cell weight about €.1 - 9 g/m
were required to drive the 600 - 625 kg payload module at 1073 1
at the beginning. In about 3-1/2 years the spacecraft would be
brought unto the retrograde Halley trajectory, after it had been
accelerated with the shutile and the IUS into an Earth escape tra-
jectory. At the beginning, square [85] (see Fig. 6-1) and later
on windmill-like rotating solar cells were calculated. Twelve
plades 7.5 ¥m long, 8 m wide, covered with approximately 2 pm thick
metallic capton or parylenc foils made up the cell arca (approxi-
mately 3 g/mz). This resulted in a blade mass of 200 kg and a total
cell mass of about 5.6 tons [86].

Because of the advanced state of development of sclar elec-
tric ion propulsion and its great flexibility for changing the flight
trajtectory, preference was given to the electrical systems (SEPS)
and the development of solar cells has been deferred.

CHEMICAL PROPULSION WITH EXPLOITATION
OF PLANETARY ATMOSPHERES

ust 1like for air-breatning chemical propulsion systems, the
propulsion systems of planetary probes can also exploit planetary
atmospheres. The planetary atmosphere can elther be used as sup-
port mass if it is composed of neutral gas (example: Yars), or it
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»y PRLIAN i ™ ‘o ’ Yo, v 3 L3 Qs A 8 >
For thde actson, solor-tiornad Yecsels G0 net Sweal ULOoLe ol
2 [sALES A ay 4 " o~ ™ 4 Y 2 g P
petsltive,  The develonment of large mirrors, 4loo for So.liieliiuinsd

enerpy supply installarvions, hae been deferred.

t-.

MASS DRIVER AND PHLLEDT LAUNCE

A Lt .t ) \ ds o~ ¥ - . - o o e {ire v -
Anovhior suprestion for future space prepulsion do the "Waso
» o i ] 4o . “ha ey e ) o - Ea :
Drdver" {841, Burned-oub rocket stapts or nullrodd mLnses are
- at = y s " - , Mt o *3 " ~afs
pulverdsed and accelerated electromagnetically. The total lenpth

-

& ()

of the nocevleratlon tube ic more than 4 km and the total systenm macs
is 17C,C0C k. ©The oxit speed of 10 km/s has been calculated corr
sponding ve & spucific impulse ol over 1L0CC s.
Another suppestion i the so-called "Rotary Pellet Launchex!

for position contrel of larpe sateliltes., Smull masses of moteorite
ki

ar moon roek ave mechaniealily acceleraved in a rotating system and
expelled so that a recoll is produced [S2]. The exit speeds cal-
culated with such a complex device are quite limite

Both propulsion suggestions would have to Le compared with

many clder suggestions (about 1960), with which pulveriluzed parts or
rockes were accelerated as driving agents in plasma engines.,

ternal supply of enerpgy using laser ra
ten-discussed possibility for increasing ti.. spec

or ¢ pe
of jet enpgines, For missions with a high propulsion requiremnent,
one could bring about substantial mass saviugs doing this (see

Fig. 3-3, point LAS). This would mean that the takeoff welght of
an 8870 1o 3 tons (into LEO} could

T o
were increased to 1248 s using laser energy. Lo




required avelliable uselul power o

er than 6.9 GW. In facht, speeific impuldus o
achieved with heated hydrorsoen or even 1940 s using 500 carton add
tives [825. But the performances in the GW ranpe are several ord

kS
P

L
of mapnitude groater than one could expect, consildering the fas
development of military lasers. Hybrid systems with chemical energy
contributions require GW lasers [83] as well. In addition, lacer
@lectric systems instead of sclar electric systems have been dls-

cussed [103].

FUSION PRCPULSION

Thermonuclecar fusion has been of intorest for a long time
with a potentially higher specific enerpgy and possibly even & highe
speclfic thrust. One concept for bringing this about is similar to
the terrestrial laser (electron or ion) radiation fusion, is the

ggestion of micerohydrogen bomb propulsion [95]. A deuterium-
tritium target will undergo & fusion reaction behind the spacecraft.
Additional fusion rocket concercs are based on the magnetic inclusion
of a thermonuclear fusion plasma, but these belcng to the distant
future. Inaddition, the weight of the installation seems to be a

major problen.

7. CONCLUSIONS
LAUNCH VEHICLES

The technological state of present chemical rocxket propulsion
for launch vehicle rockets is 1epresented by the not yet completely
developed main engine of the space shuttle. In the near future, we
can expect further improvements by inecreasing the combustion chamber
pressure, by using nozzles with varic :
the mixed mode propulsion concept. The

in a few percentage gains in the specilic impulse, but subdst
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The mentioned improveronts will make possible the development
o' even more cconomical and reuseable space transport vehicles with
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or user groups with smal yearly transportation requirements,
non-reuseable units will still be the most economical soluticn.

In future developments, one wili distinguish between shuttle-
like passenger tran sportation vehieles and large freight tra ansporta=-
tion vehiecles (heavy 119t launch vehicles), which will résuit in sub
stantial cost reductions be ecause of improvements in the struct ure an
materials and because of theilr large size. Thre requirements for the
vehicles will svimulate new research on engires.

The solid fuel propulsion method is mostly used in the vroescn
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le. Reuseable Space tug systems, maneuverable
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ion. These requircments lead to the development of

t

ems, first with space storable fuel combino-

satellites, spac

inereaged 0rop”l
two fuel propulsion sys
i1l lead %o seml-cryo~en'c and even cryooenie
mh

EORPN e A BN .
-



o

st nunb

wpovine the structural and materdal characteris-

tr

es of the overall

LY
¥

-
o ade

ooLhe umd

S UVTVRTIARIN

2
»

1
anbe

a3y
wis

b h

&£

3

i
w~
o~
F o1
S
PN

o
< o
1 i
'
51

33

3
(> .
e B o 4

X

)
n be conasidere

o
whe

LS e
aga

oy

i
3
B

.
-

< o <2 t

systom will

on units have beon u

gy
Al

LOW

K w1
i3
=1
=
23
w3
£ Li
0
<1 73
o o |
s T
~1
£
T3
40
D
ETRA
o3
b=
e
]
A2
-

[PURDAI

A0S

L)
Anas ™ oo
;}vv\.&.d-—

L

b3
13
-

" o e
el I

=,
i
-

Dt

L]
VY phe e rhh

hemical-e

near Pature by ¢

-
id

A
v

e |
TSI o4
0O
£ il
£y
4 «ﬂu
-+
b SR ¥
[
30
£ 53
D
£y
Fe B
s TR
w3
«1 O
L2
o}
3 o3
43 i
o %1
R B~
|2 B S ]
-1 i
s O
$3 33
2
D
> u
o
L5
o O
LT
3>
3
L3
=
7 O
D 4
[ 2N V8
73
e
-
o«
EE I
D
[ B |
i D
b |
|4 [
o -
o =W
=4 2
[
3 40
3 D
nﬂ; i
L]
7o %4
s O

e ————

i
1 I
[» TS |
o3
[
i
Gy §4
o]
Ko
e O
O ot
£ A3
» =
pod
[0 o,
o
[ SR
[ 2 &4
i
S B
' B &
w3
O
2. Wx—
a
S B ]
EoN o
e
43
LI o4
[o 2 o4
G4 i
134
[ B/ ]
th i
3 £3
1
&
O
22 [y
a3
—
~ %l
i
0 3
1 i
3 i
[ !
o 9
[ B 4
3
[ SR ]
D
E B
25
~1 €3
52 B
O O
2 «d
23
2049
[ JE-5]
L T+

e Ty

be

]

resistojets or isotope engines wil

ww
1
+

I
iy 2

1 maneuverablllly,

i

3
o
Ul

1
o

e
u

SION

ryyammTTe
L’I".U:"L.u

A AT A A
JONINN NG W R VT BN

e e e

£$f .
o o
[»}
D 2
o]
f g
I3 3
[ 63
i
&4 D
D e
2 O
< g
&4
D o
L 2
EX T
O
[9]
D
[ S &
&
(o)
el
163 I o
» o
L]
o B
<>
™ O
P Bl e}
e
= o
|
(e
& D
[
43
n 9
D$
tod
w1 33
By oL
SR
LSS |
i
D
433
o D
Ko s ]
3
~
0 i
3 =i
-
9
QD
O o
L5 IS §
%3
[ T

b i3
£4 <3
[T S
i3 1 o
=1 £ §4
4068 D
0, f E3
ol =X
I o2
0 i 0
G4 O £
O L4
<1
[V I
e ] o
»'3
] LR 4
Lo
PP B
72 B 1
o099 D
i ¥ O
. o TS B 4
(L8] o £E wd
ko2 (S}
a o » I
i e & O
7y Ga £
< v ol 0
ES (25 It S|
L»] ) >
o 2 = o
32 D owd U
0 P 0
] 2 L3 L)
= - S B
£ D el
43 o B S ]
£ [ B S & ]
23 © 4
4 4 5]
~3 [ B R
54 oo
[ B B T4 Y
[0 w o
A2 o o U
O £ B
(=] % T SN 2 |
=) - e
i 2 33
= o 8 o
|
o 9 o«
&« oy ~4 L)
i <
£} [ B O
2 O
e E4 A [l
4 RS
(o] I hm
e b S =
I £
£4 o
q £+ O
o JSR o]

O TS e e ek e S o

ay/Tempe

»
The

al

-
-
.

nned for the I

3
ed

system is p

L2

€<
d

ol
ol

sion was yace

deci

A
n

21
.

i

H
T et
H

i

\
;
{
:
¥
3
H
:
:
:

e




. f4
! £ S T i
rh ] 1D r
3 DV IR 1 1 b o] [ T~ Ty 0
I3 - 1 4 51 3D =2 1 ¥ &6 D 3«3 I
b 3G 2 o ot i 1 P TS SRS T s T B | ~ w3
: ») O oW O R o S o 4 o0 TP ot S S ¢ IS | o] Li> I DA |
++ 5 2 % 0 st D O % O g o o3 £2 0 §f4 0 oa 0 £ G4 13 b g
PP ¢ ito~1 43 te O L -l =i © i i % P (3 0 [ IS S
2 L5 TR TS S - N & 1 12 «4 33 £l % T (> - s | > (DR
b JOREEE B | 209 0D a3 0O 3 o T D O 0 G
I o VIS TS T - 54 b T B SO 4 £ 5 2 o~ 0 2 «4  $1 £t w3
2 O e €200 D 3 43 O ] 2 2 03 1 O @ 13 9 9 ¢t ed
e wd i 5 X o« 25 TS JEEE TR 64 ha oy B (2 omoa 3 D - I B
[ T 4 PR T ~ 3 00 P 5 L b 5 T B S R 3 o 2 3 o1 D
fv 83 e 4 3 > O o TS | [ TR R oSN« BT S v Lo TS BEPLS SIS JRIC-
pe } [» 2R © NS YR =i {42 (v ] 2 &z SRS SR O TR 2 SN o 3 4 154
> T i W3 3 e 3P POSEES ST & | £4 [T S B &) (SN > 35 B T RS S-e
IR r} IR SR A R 20 3 T 8 1B - ST & N S R )
AL PRI SV T S 4 TR SENC SN & BN S o | ] g & o O 1 O w52
o1 =3 3, N Lo T o} 4 S0 o0 o = T3 MmUY
o= {9V | D T B 1 QD <3 EL I o S I & T ¢ [ ® g '3
U 5 T TP S-SR v SR - O S S FE S 1 & . O O oW T O o O ©» 0o
& Fooso2 T3 0w = Do 33 RS B~ S TR & Kl 3
&S - P oy Sy O et U O o | s SR ) TR wdlbes TRY o> SNSS RS g [t S i
[ IR 3 7L D ei 3 et L3 i I S - PR R o R o [GI
PR O 3 -4 53 b TS S L R ] 133 0 a1 3 KRR s | 43 D G4 .
CRE B » S PRSI = BEE S S N et SIS s S 35 2w Q - 0O [ ST oS ) N
S 3 =4 ‘ 3 o3 0O o Q ~ 3 P SR o S & S - (O B r1 £ P 0O ~«1 O
13 03I i o T BE-E NS~ N B B B o) SE R I I R S o KSR &
D 3 et 53 4 M OB i W T 7 B R | a 73 44 L U
YR 5 ] G D et 4 3 O o T flW O o [ myoaO= (23] L ] [ L B | L3
«i OSSN 4 N R SR R B € ¥ P i s L3 3 3 2 o o g )
PSR | R A s B B = g o 0 o0 3§23 i e 0O 5 0 <L @
P S S B S [ B | ] 79} =PI { TR R S T B ~ O £ O
ol £, o2 [EoE ! T s B DO TR R ot 21 3 VSR o T o S - TN o SN & BN PRI & (OB S ) [} n
3 A Dol B T f40 3O 53] ) wi G €% 2 D W 3 D o2 & N> N SRR T & -
L. O 2 WO 8o 3 G oM £ 54 0n [T at P o 5 TR s T R ) B |
UL S BTN =t " 9 P> Ay = =4 73} O o e~ o O @1 5 O £ T30 &y O Fy A3
2 L % TS S SR SR RIS ST L S S R 4 > =4 3 0O O =1 O 0O i O
rd £ < 3 2 o« b I SR S5 T I [ O Co %t = G4 3 S 115 T T S /> T & 5+ |
R S 21y 1 SIS SRS R | i 0 O -1 B> D 3 8 0 o T TS o N )
s T3 2 3 i oy A% =i o e M bt 3 £ o1 o T L ¢ 3 1 N 54
DU SR o 1 -4 Mmoo MK D . O 7i 43 G S DD ) L& SIS SR 0o Q
S 2B T & O las) i o 0 1 «1 2 € D 9 s S S VR R S
4 E> B ST o B s | P 7] £4 e~ @ @ 1 o S 00D - JRNE o RNo SR o JENN ST 41
<4 4 fa 5 TS T o S f 3> [N Q 1 [ v 2 0 o o 2 13 G4 l'o B S «f o e
P A Ry O3 [ T 5 TR AP & H €3 3 O 0O o g a S~ O m [
i O e 43 W &2 G4 D 33 o 4 4O ol L D2 5O &4 0 2, 51 1 O
3 vt 3 3 Sy o, 0 8l i3 ad O o) Fq Lo s B S I | i i 3T
Ge %3 52 «© [ TS § o ., 0 O s o) £ B ~ = M Gt 2D 4 S 03O0 B @
1y md ES SRC-B - I 0 1 % T s TS - (=9 S~ o L w 4 g (OB ST » e (]
1 0O £5oa 3 0 o4 00 o R T o R o 4 S G 0 B L0
i3 I T b Sav ens 53 fee 3 33 o RS | 1o < L 0D (o e 4 s TS ) I o>
Doed i 3 23 wd 31 fad wd P Ly E- FS R “3 PO S ) B /> I 3 P | 3 >
EV I | [» T 33 a1 1 2 fg 51 AT 0 1 2 o o 0 O O - o R SRS N & B o |
% 3 15 TS TR B & FE Y Bs T 5 B & £3 N £ &1 o4 " O S 9 1l 5w
tn 540D Pl & T S B B 3 (@] 1 S 3 L O 1] Gy O o w i O L
o TS -3 o3 i 3 3 T3 3 i 1] Ee B 3 ] ~ & [ TR BNC- SR & S
S O S TS TS A i S R o B s B« | (@ o 1 O 53] 2N E1 5
it 4 [T TS T 5 ST B S BEEE T S & 2 o« S B SRR S+ S 50 B 4 S S v 13 el
S SR> TS TEEE S B ~i =4 53 <3 2 4 3 feq 3> 15 O & S A3 s} T =2
- T n £y iz VIR SEER T IS | 5 0 P S ) B SR 4 D =i o O
3 D0 = O G, =1 Fi o«1 9 i3 - 3 O %4 O 7 L - om0 n
1> e L T = S £+ 3 D 54 “3 £l (o] 3 U 5 S e D L1 P
S0 *: pTS e 3 (53 je3 1 - i 0 B B ¢ P | RS T S SRR o« B )
Tae 53 OFY €T LT O 4 bm G P i e DL R R w4 o > [ R « SRS | £
3 v i ol IS | o001 4 [ o} b O ¢ O D %1 A B0 R} fr 13
PR T | L G SR SEES T S S RS s He 4] 3 owd 3y 1 LD O ed 55 OO O
T F3O22 K - S RGO TN 6 B S« T 4 et F4 1 BRSNS D RS B a oo I B O
i
-

Vi e e e v ik v g e b e e tS S a4 e e =



-
\.«:}c,.;' 3

n

*
-

he!
PO

Mo et

e gy

M 2
s e W

.V‘

e
sk

F

u ¢

-

L S Y

’J.. o vhe 3 oy

~

et
b NS b

b N
TLxeLyY PO

. T "oy,
TR AV FR L ¥

Y
ke

i
wiie

a
L 3

senqy
Wl

1 4
(v 4

ey .
wiil &

- A
& Na

T o VAR
TS HHEH

-

lenoi ¢t oA
bk S v

Py g
bt MAbdbben

[RIWY 1

aLu

i)

Ny

WAl

-

)

(]
i

k3]

w

>

¥
»

-

%
-

¥
L

vy
¥:7

»

-

4
v

.Y
+

e
*

L

- E1 r A ym 4 s
FDI’LQE‘G AmMpPCVUniLhive .

AR
- bid,

uv

v g nqe o
\\M.'A.».‘v J\A

xr b&}l

-
r:uhg

o

»

o
obe 2he

VOLOI

du
# R
VIR

4]
o
e

[
3
> -
1 D % R o |
13 3 AL (3] o4 I I e .
~4 > o «q £y FE S - S
~q 21 1 > A L
- iz S [ t3 o (o]
ed i i3 o CETE TR T o )
- o3 Lia 3 o o o B
o3 1 0N O D 7] ~
=3 «4 1z 4 4 " 0
o = 0 £ ~ 5 Lnon
£4 2 4 13 S S B |
. A o0 = O E S PP o
H L e [ Gy PR B < T
< i w0 «© 5 ISP |
o £ 12 v 2
) P y € 2 0 9
o o4 i ~ i O O
3 -~ A2 ) " f4 A3 32
& o 3 4 o % PR
b F4 O o4 ] m 4 [%] L ]
“ D3 ) 474 ¢ 4 L O
P f1 3 T 2 -4 YRS S B
> pis S o4 3 N M (e}
3 D % »] o3 5] £
= 33 3] E5 PO T S I =
- 3 B i [T T S |
9 1 «© 3 £2 P B ¢ BB
0 fa ¢ OO £4 o L1 3 o1 ¥
£2 O i =i «3 P D] i T §
o0 o 5 b [ P I IR I * )
D PR S ] 3 <« R Cae v
2 1 §z O 1 D 3 o -
FERRS i oo e o
e 3> wd 33 3 PSS TR
T B 2 G4 o] 9] 'S T » B SR
p =i 9 0 <3 s Lo =R
= D QO i (] 43 %3 (o}
2 P»om K i o ogd
s owd 3 =4 s 0 1w
x4 1 1 ¥ b 3 © S T B |
A3 e 2 IS 3 Lo 3
ES ] G4 i3 é} £3 % JICS BEE.o R e R
3 nu .E ] - D C
73« g O 2 $> RS S
s o0 4 3 o e
€3 P & pie £ i "
< 3 > “f R3] = f 50
~ O D [ R SR
11 -1 s o n 7 oA O d
i3 3 1 32 o n o B2 oo
73 3 =i = ey o 0 Mo
) - D 3 o 3 5 O
2 =i ~i $3 3 -d £3 = B B
tnord > a 4 o3 i 0
> B ~t £ 3 %4 0 s 64
tia S 0 0 =q oo .
o3 -~ %3 3 ‘u,.u P [ 4] 5]
1 ke L4 (3 E4 £1 o5 P
o T W <3 I B
“ g 3 4 o B ) LS T S5
7 P ES T s W 3 e T B
oo £y T D osi 33 IR CRTY
5 4 3 far 4 f3 [>T | 3 £ L
50 PSS B T TORS o €y @ ol
tE I b5 IS A L~ < 0 &} o o34



P e it e

LR e b ke S e R

s

P

Ao

¥

RERFE

/1/

/3/

/47

/5/

/6/

/1/

/8/

/9/

rany, >
botd et b

NASA: :
A Forecust of Bpuave Tuchnology
1980-2000.

NASA SP~387, Washington, D.C.
Jan, 1976

R,E, Lo

Rawmtransportsystene von dboermor=
gan,

Ab‘tron&utik' Ba. 15‘1; 8.201 1978
R.E, Lo, D, Manski:

Erweilterung dur Leistungsgronzen
chemischor Antricba - Trends,
MbglichReiten, Konsaeguenzan.
Vortrag auf dor Sitzung des DGLR=-
Fachausschusse Chemische Antyriebe
am 14.4.1978 in Ottobrunn

R, Baichel:

The Dual Expandcr Rocket Engine -
Key to Economical Space Transpor=
tation.
Astronautics
November 1977

& Aeronauties, S8.44,

K. Beichel:

Nozzle Concepts for Single-Stage
Shuttles.

Astronautics & Aeronautics, S.16,
Juni 1975,

R. Salkeld:

Mixed Mode Propulsion for the
Space Shuttle.

Astronautics & Aeronautics, 5.52,
August 1971

D.B. Wheeler, F.M. Kirby:
Tripropellant Engine Study.
Rocketdyne Int,, AFR=77=213,
Okt. 1977

B.Z2. Henry, J.P., Decker:

Puture Earth Orbit Transporation
Systems - Technology Implications.
Astronautics & Aeronautics, S.18,
Sept. 1976.

G.R., Woodcock:

Future Space Transportation Sys-
tems Analysis Stucy.

Boeing Rerospace Corp, Rept.

D 180-20242-1, Dez. 1976,
15
AL PAGE
UG R QUALITY

/117

/12/

/13/

/14/

/15/

/16/

/17/

/18/

77

NASA:D ! N .

Qachaology Roqulromente for M-
vanced Parth-0xbi cal Vraunsl.on-

tution Systans.

Jummary Report, Martin Mariotte
Corp., NASA-CR-2867, Okt. 1977,

L.R., Jackson, J.A. Muartin:

A Fully Ruusable, Horxizoatus
Tuke-Off Spuce Transport Concept
With Two Small Turbejet bBoostexs,
WASA-Langlay, NASA-TM=-75087,

ke, 1977

R, Salkeld:

Osbital Rocket Alrplanes, A Fresh
Porspectiva.

Astronautics & Aeronautics, 5,50,
April 1976,

R, Salkeld:

Air Launch for Space Shuttles:
Inpact of Mixed Mode Propulsion
and Comparison with S8T0.

25, IAF-Kongrass, Amsterdam,
IAR=T74=074, Okt. 1974,

D,B, Koelle, H.H. Koelle:

Puture Low Cost Spuce Transpor=-
tation System Xnalysis, Part III:
Vehicle Size Optimization.

28. IAF-Kengress, Prag,
Iar=-77-857, Sept. 1977.

D.E., Koella:

d6glicnkeiten der Trunsportkosten=
reduzierung in der Zukunft.
DGLR~74/59, Juni 1974

R, Leichel:

Propulsion Concepts for the Neox
Generation Space Transportation
Systems,

12, Int, Symp. on Space Technolo=
gy and Science, Tokio, Mali 1977.

K.A. BEhricke:

Coat Reduction in Transportation
to GEO and Lunar Orbits.

23, IaX-Kongress, Wicn, Nosth
Loerions A\uthb_‘*, t,'\i.&.h.. 3\)7:
Cl74, ke, 1972,

P

RePICy

-

P

3

()

U

i

0

. O
i

L3

LA
(o]

ct

fa

[

A'-D k,,a.\.u.:, uns».»-ﬂd,

- 70"173, Cieober ‘JIU.

O b oY

RS
t
3



/e0/

/21/

/23/

/24/

/25/
/26/

727/
/28/

/29/
/30/

R, Sulhald, bW, Pottorson:
Spuce Trunsportution = New Hea-
dings tor the Futuxe,
Astronautlles & Aaronautics,

S. 28, April 1978,

Jot Propulsicn Laboratory,
Pasadana:

Perstnliche Mitteilung an die
Autoren,

G. Rosen:

Manufacture and Deflagration of
an Atomic Hydroguen Propallant,
AIAA=-Journal, Vol, 12, Nr., 10,
S, 1328, Ckt. 1974,

H, Diem:

Advanced Space Engine = ASE.
28, IAP-Kongross, Prag,
IAFP-77=-101, Okt. 1977

R.H. Nunsen:

Hoavy Lift Freightor - A Trang-
portation System of the Future.
AIAA 78-316, 1978,

Spacecraft Injection Systems.
MBEB-Report No. URV=-75C74, Sept.
1974,

BSA - IPC (77) 41, 1977

Galileo RPM~Proposal,
MBB-Report No. 78-042 157, Mai
1978

Aviarion Week, S. 40, Aug, 1970

E. Han, MAN:
Lelstungssteigerung und Ausbau
der Trégerrakete AZRIANEZ,
DGLR-Vortrag, April 1978,

MBB-Bericht RF-112-0, Sept. 1969

Nutzlasttransfersysteme auf Basis
chomdsclicr Raketenantriebe ein=-
schlieB8lich Lageregelung und
Bubnkorrexktiuy s Anwendung, Analy-
sen, Konzepte,

Boricht tber die DSIR-Fachuus-
schuBsitisung Chenischic antriocbe
Februar 1974 in Stuttgart
DLR-Mitt, 74=%4, 1974.

/31/

/33/

/34/

/35/

/36/

/31/

/38/

/39/

740/

W, Wolfsburgus, Lernss
Bodarfoanalyet wee o oa0PILRSEL-
und Lageregulungstrivbwerin.
DLR=Mitt., 74-34, 8, 269~289,1974,

D. Gentha:

Ubor Lageregelungssysteme fdr
Satelliten.

DLR-Mitt, 70~14, Mdrz 1970

* A, Keella:

Sreewicklungatrands kinftiger
Nuchrichtensatalliten,

DLR=77-023, DGLR-Jahrestagung 1977.

§. Zafran (Bditox):

Ion Engine Auxiliary Propulsicn,
Application and Integration Study.
NiSA=CR=135312, Juli 1977

2.B., Langwulr, J. Ixving,

H. Seifert (Editor):

Space Tachnolcgy.

John Wiley & Sons Inc. New York,
1059

B, Stuhlincoy:
Ton Propulsion for Space Flicht,
M¢ Graw Hill Book Comp. S. 84 £f,
New York, 1964

G.F. Turner:

Prectric Powee Systems for Space,
hstronautics & Acronautics, S.18,
Uezcmber 1975,

¥.d2., Kaplan:

Igotope~Powered Satellites for
Shuttle Launches,

Journal of Spacecraft and Rockoto
vol. 14, No, 11, 1977

H. Bebermeler, U, Hoffmann:
Entwicklung eines groSfiichlg
ausrollbaren Solargencrators

fir den Multi-kW-Eerxecich,
Zeitschrift £Ur Flugwissenschaft
und Weltraumforschung, Nr. 2,
1978. !

oy eyt g e
GV, PLaii:

Suclear EBilectric Propulsion
Svoatm,
&iad 76-8691

ORIGINAL PAGE IS
OF POOR QUALITY



ane W

[

st

/al/

/43/

744/

745/

/47/

/48/

/50/

JuB, Maliin:

Spaon Powur tor Spacy,

15, Spuce Conyrusy, Capu Cuna=
Varal, 1‘)78 ’

W.R. RuruliRue:

Statias o SSRT XTI Spaceeraft and
Ion Shrustur,

AIRA Tu=00d

R.C. wluons

Oparations of thae ATS=-6 Ion Ln=
gine and Plasia Bridge Neutrali-
zey at Guosyachronous Altituda,
AIAA 78-003

J.R. Stuart:

Systum Design of an Ion Drive
Spaceciaie.,

AIAA Tu=usil .

J.8. Cuke, E.I, Hawthoxna,

R.L. Pocachels

Exrended Purformance Solax Elec-
tric Propulsion Thrust Systoen
Dasign,.

AIAA 786=043

T.D. Masgk, J.W. Wara,

VoK. Railin:

Economics of Ion Propulsion for
Large Space Systems,

AIAA 78-698

BaG) HBX‘I‘GW, Jc Hyﬁ]anl

.D,J. Hopper:

Engincering Model 8-cm Thruster
Sysatem,
AIAN 18-646

Y. Kurosda:

The Elecuric Propulsion Progran
in Japan.

AIAA 78-715

H.A, Pfeffer, C. Bartoli,

H. von Rohden:

The Elcetric Propulsion Activi-
ties of the European Space
Agoncy.

AIAR 78-713

g8, Zafran, C.XK, March, R. Grabbi:
Flight Applications of High Por-
formance Electyothermal Thrus-
ters. '

AIAA/SAE 77-585

/5

/52/

/53/

/54/

/55/

/56/

/577

/58/

/59/

/80/

H.A, Prou, W.d, Gaan,

L., Herron, 8. Zalzans:
Eluctrie Propulsion for Conxu~
nisations Satullito,

AXalh 7u=537

o, Jutk:

Thepretical Morfowmanca of Pro-
pullanis suirtable for cloectro-
thermal Jut Bnginus.

NASA SN D=6u2, 1Usl

J.P, Todd, R.E, Shaets:
Duvelepmont of a Rogunuratively
Coolod 30 kW Arcjet Engine.
AZAAN Journal, Vul. 3, No. |,

5. 122, 1965

5.8, Ducati, R.G. Jahn:
Lxploratory Llectromagnetic
Thruster Research.

NASA CR GG6O23, 1970

A.C. Malliaris et i
Quasi-Steady MPD Propulsion at
High Power,

NASA CR=-111872, 197%

H. Higel:

Zur eiganmagnetisahion Schubux-
seugung in Lichtlbogentriedwor=
ren.

Zoitechyife £lr Plugwissenschaf-
tun, 16. Jahrgang, Heft 5, S.152,
1968, ’ ‘

i, Higel: ,
Flow rate Limitations in the
Salz=rield Accalerator,

ATLA 73"1094, 1973,

R.G, Jahn, W.F, Jaskowski,
K.E, Claxk:

Pulsed Eloctromagnetic Gas
Aeceleratien.

AMS=Report 634z, Princeton,
Jan, 1976.

X.R. Schreitmilldr:
Investigations en Hail Ioi MHicoo
arssters,

» . E'Y
Blectr., arosua-

» bl R Al -
Proc. A, Bure e
oy 7~ - L ey i
uion Conf., 1972,

2 v e

JoAl. ﬁuq..uLtS

ey ™ s es ow LR LT & v

daltada sy LUST Ol G eUiie e ved
L 3 a8

. FREPTR P S W) LY
Chonhode Fea=~Jutustoes,

. 1 » . - -~
Iﬁatt VG&,.V’, TV Sad:‘l\?), PSS



/ul/

/02/

/63/

Fuid/

/65/

/66/

67/

/68/

/69/

oA, iianuatl, KoV Huws, Grosse /757
bosdts ¥ et

Stuuy o Qouxial lall Currunt
Avealurators at Modurate Pros-

Lures,

HASA N D=32806, Okt, 1yvud

G. L. ’Cum‘., Rl iidrdurg /71/
S.7. Neleon:
Magnatoplasnadynamic Thruster.
Buscarch E08 Ine. Tindl Report
on Contract F 33615~-67=-C=1487,
Nov, 198,
/72/
G, Krillo:
tuntinuous MDD = A Dovelopmant
Stuatus,
Proo, I1IX, Burop, Electy, Pro-
pulsion Conf,., 1974,
/13/
shurim:
Ilcctrice Propulsion Work in the
USSR,
AIAA 76-1073, /74/

K.E, Clark:

Sunrvey of Electric Propulsicn
Cupubility,

Journal of Spacecruft and Rockets, /75/
Vol, 12; No. 11' S, GGZ, 1975

W.J, Guaan, P.J, Pailwibo:
Pulsad Plasma Propulsion Systems
for North-South Stationkeeping.,
AIAD 76-999
/76/
K. Kuriki:
The MPD-Thruster Test on the
Space Shuttle,
ALIAA 7B-0661

B, Maag, XK. Steprkuchon: /71/
Das Verhalten dus Lagerogoelungs-
systoms dos Satelliton AZUR im

Flug.

Raumfahrtforschung, Bd. 15,

Themenheft AZUR, §. 272-279, /78/
Nov.=Dez, 1971.

P. Loedss, H. Saoos

Das Lagomel~ und Lagorogelunse-

systern des Satalliiton AZWds und /757
selin Binsatz i der asquaciticis-

thsa .

Raunmfahrtforochune, wd. 17,

Thewenhaedt "Laosh, S. T70-75,
larz-April 19735,

[¢ 4]
Cy

U, 5, $Cié..iu_:

Che Anplicarion of Muciwt.¢ Jati-
Wi Conbrtn L0 & Mui bl Lawa
eyningonous Cormunication Satsli-
Litu,

AIAA 70-1055

A,C. Sticklux, K.T, Aifrienas
Elumontary Magnotic Attitudo
Control Systuni.

Journal of Spucucruft and Rockoets,
Vel, 13' S, 282"287’ Mai 197C,

Rl Fuehs, 6.7, Kroncke:

A Ground Control Mugnoetic Meaan=
tum Damping Algoritha for the
G Spacecralt,

RIRA 771-1074,

L. Blsnen:
Raumfahrt in Stichwortun,
Verlag Hire, Kiel, 1973,

E, L&b et als

Korntochnik bedl Satelliten und
Raketin,

Vexlag Thiomig, Minchen, 1970.

J.H. Altoeimer, G.F. Muder,
J.J. growart:

Cporuting Characteristics and
Reguivremonts for the NERVA
Micht Engine.

alds 70-676, 1970,

J.D, Balcowb:

Preliminary Miscion Studies for
Small Nuclear Dngine.

Los Alamos Scicntific Laboratory,
Report LA-4890=-M3, 1972,

E, Stublinger:
Advancad Propulsion Systoms Zor
Space Flight,

20. IAr-Kongress, Mar del Plata, 196¢

W. Paschka:
»ov narglosysteme £Ur dic
3. ,fu,.fdhrto‘

. ca® R et <3
O A 141 Vhﬁ'ﬂwﬂ:y vark e mid S e

» . @ .
Wk £ow L * L

Cede el WO, vl GRW Ve el e

. ' - . : ) "

s oo omo o Pan &

RN OINENG 1 e i LS SRR S UL MO S R * S

L D A e e s vy Fas . -

catiiie AU A teben S rwentd A hsiea  Sretne

Vi emio g™ i e Jlgp e

ﬁJu: luh:hmua.h':s b:’nli )

z PPy

R 7N B .
fhkgadd I™Jasy adii



Feriien s

W ﬁ"*‘. 1aciis

Jut, Kevhet, Niavkuear, Ion ahd
Blostrie ropulsion,

Verlag Springeyr, 1ved

KW, bussuwrd, kD, Dolauer:
Fundaientale of Nuvlodr Flighe,
Mo Graw Hill Book Co., 1965,

J.M. Bhwiy, V.R. Larson:
Parformance and Heat Transfor
Characteristics of tha Lasor-
Houated Rockutd A Fature Space
oransportution System,

ALAA 70-104s, Nov., 1976,

R. E * Lo

Propuluion by Lasor Enexgy
Dransnisslon,

=7. IAF "‘1\\.4‘1\]2'@11 , Anahaein,
IAF-Ruport 76-775, Okt, 1976.

G.K, O'Neill:

The Low (Profile) Road to Space
Munufacturing,

Astronautics & Aeronautics,
Marz 1978

Jat Prepulsion Laboratory,
Pasadena:

Solar Sail Technleal Descxip-
tion.

Materialsammlung Uber Sonnen-
segel, 1976.

R.L. Chase:

Solar Sail - Elgcotric Zoechnology

Readiness and Transfer Assessnent.
v 78-640, 1978,

Ol Wright, J. Warnke:

Sular Suil Mission Applications
Papor 76~808, ALAA/AAS Astrody=-
nwnics Conference, San Diogo,
Culif., August 1976

G.L, Cann:

Advanced Elactrical Thrustex

{A Spute Electrical Ramijet)
Toechnictl Repert AFRPL-TR-73-12,
April 1973,

Boaing Aexosnace Co., Scatile:
Solar Power Sattelite Syston,
DczinxtaO% Study Purt i, VQL.S,

8PS, Transportatiocn Roprusentu-~
tive Sv“tgm Desorastions,
NASA CR-15-1558, 2. Juil 1977

(47

!«'

:i.’ﬁ. ’A‘nvhb !-ﬁ Mn-:
Kuwr s Sunti 6f thu wIP=i0

Mrﬂ);uh 134 CL“HQ'\ Ln&\?uz’ult‘ ]
AINA 7U“b°37, 976-

31.3. }Iny i:

%*gh—“i**u Mini=Sniffer LOV)
Murs Bounid 7

AﬁtrcnauLﬁas L Aaronuutics,

Juni 1478,

J. Croy (Bu.):

Space Munufecturing Facilitiues
wwpace Colenies)

Procewdings of the Princuton/
ALAA/NASA-Confarancyu, 7T.~Y, NMul
1975, Amoericun Institute of
Auronuutics and Astronautics Inc,
Naw ¥Or‘k, Maxs 1977,

D, Gyl .
Elactric Propulusion for Soiur
Pover Satullituw,

AIAA 78~695, 1978,

oo d ey
e, Sehinidltu:

Parsonlicha Mitteilung

Lo Winterhong:
fwivaneoos in Rockat Prepulsien

Ly Themsmonucleur Microuxzplosions,
29, Iar-Congress, 1976,

»
O.8. Maruinos:
Igovope/Thoermal Thrustors and
Applications,
and ASSHD/NATO Loctura Serdes on
Nueclear Propulsion, 19064,

H.H., Koellye, D.E. Koclle:

wooria und Technik der Raumfuhre-
Z\)Lg’b 0

berlines Union Stuttgart, 1954,

Proceedings "Aerospace Nucleaxr
Agplications”,

Ancriean Nucileur Socitey,
Huntsville, 1970,

’

% L5 e e
‘:.C:‘x, Vieass oldmm
U 3% e
:&‘?ML“*VQA l-dd-ckunul.-;cmn .
o P

— [ R
et w WOl W WUiiay A M

b 1 W'y amn
LARS - M

M
H
Y -3 TR Coweae ST caw e, e
u,nu..- Tran o mepsotmddas  hebdd soneetn Mtoishwa v wend 0
Py

- P I o
Suing welis aula, 2. G35,



b mELy ey e

s

Y

R i

T T T B Pt Wl o e N 1 Mk, SN 8 WA 2 T i

ol B a3 B i e el

goroborn ot b 5 o

e o,

LR S

IS

o —an

/101/

/102/

/103/

/104/

/105/

/106/

/107/

/108/

/109/

.V, Pawlik, W.M. Phillips:

A Nuclear Eleetrie Propulsion
Vehicle for Planctaxy Explo-
ration.

J8R, Vol. 14, Sept. 1977,

Heath:

Status of Solar Enexrgy Collector
Technology.

AIAA Progress of Astronautics
and Aeronautics,

Vol. IX, 1963,

R,L. Forward:

Advanced Propulsion Concepts
Study: Comparative Study of
Solar Electric Propulsion and
Laser Electric Propulsion.
NASA-CR~149602, Juni 1975.

J.H. Beveridge:

Feasibility of Using the NERVA
Rocket Engine for Electrical
Power Generation.
AIAA~71-639, Juni 1971,

K.L. Atkins:

The Ion Drive Program: Compe-
tition as the Key to Development
Progress.

AIAA 78-716, April 1978

L.A. Booth, J.H, Altseimerx:
The Nuclear Rozket Energy Cen-
ter Concept

AIAR 72-10891, Dezember 1972.

H.O0. Ruppe: :
Introduction . Astronautics.
Volume 1 + 2, Acudemic Press,
Wew York, 1966/67

R.G. Jahn:
Prysics of Electric Propulsion.
McGraw Eill Book Co,., 1968.

G.R. Brewer:

Ion Propulsion.

Gerdon and Bresach, Science
Publishers, New York, 1970.

g2



b i s £ s ot

¢ Fr R ek b e B, 3R 8 i A A e o i ek

252

bR g

et ety sk s o ot

The propulsion canaeity Avanr of a space vehicle (rocket) is

¥

—E-du = LSictitlous velocity
MR increase of a rocket
in space without
furces (mass mR(t))

Lv =f
AN‘I‘T

Even though space vehicles fly in combined gravitational fields of
the sun and planets and the influence of other forces (air resistance,
solar pressure, etce.), the propulsion capacity of a system and the ‘
propulsion requirement for a mission is expressed in the form of such
(fictitious) Av values.

For single-stage rocket with a constant exit speed Cos the
propulsicn capacity is

Avanm = ¢ 1n (ing/mp)

and for multistage {(n) rockets, we have

n
AVANT = jgi Cej in (mcj/m53>

The payload np = Mg - Mg = My, SO that the payload fraction for single-
stage vehicles 1is

BL
B = e = exp (=AvanT/Cp) = (Hgtiy)

This 1s somewhat more complicated for multistage vehicles., However,
numerical approximate formulas can be deriveéd from an envelope of
optimized multistage vehicles (as done in FPig. 2~-1).

The propulsion requirement for a fiight
fined as the sum of the zbsolute values of all nec

(@3]
L



R,

S e ool arom Mo

i i Aot

D o i el e s i MM A 5 i Skt e S 3

B T ST

b ot S Rk

e,

e w5

"veloclty chances" Av (in the sense piven above), which must be pro-
vided by the propulsion systen, withouu consideration of the direc-
tion or the sign

-

= 4
Meunr = f lAviANTl

L

Ty ¥

AVesan is caleulated from the ideal Av req. for the *1i,rt tapk
and the given launch site and the launch dircction, including the
dircetional changes, broking and landing maneuvers, pluu ccrrcspond-
ing Av values for gravitational losses, especlally in the Earth's
field, air drag losses Qurinpg ascent, fuel reserves, ete. (sece, for
example [977). The ideal propulsion recguirement can be reduced by
atmospheric braking upon return and possible swingby maneuvers (see
2-3); however, it increases substantiolly if higher flight speeds
are used for saving time instead of the minimum required.

(..!-

In this summary, the propulsion requirement and propulsion
capacity are simply set equal and called Av.

For rockets where the energy system is separate from the fuel,
the mass ratio

o _ initial mags
burn=-out mass

can be represented with the parameter o (= gpecific performance of
propulsion system) and the payload ratio including the net propulsion
mass and fuel mass (mw and mT) in the following form (see Stuhlinger

£361)

m 2/ '

S _ 148 7 20t 140 /M
8 Hps tce?/2at Hps + By/wp

;v

The quantity o also considers the transfer ficiency and

Fal

motor efficiency. - g is the sum of the structure mass fractions
e

0
&
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