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Preface

The intent of this study was to take a fresh look at the viability
of using electric thrusters as primary propulsion for near-earth space
missions. The Shuttle is a remarKkable system and enhancing it with a
reuseable upper stage would be very attractive.

Chemical rocket systems, even with SOA LH / LOX enyines require
enormous amounts of fuel. Without aerobraking, two or more Shuttle
refueling flights are required for every one flight bearing GED
payload. Upper atmosphere heat transfer and drag are not yet well
modeled, so the technical barriers to aerobraking are not small.
Electric propulsion makes far more efficient use of propelliant, but has
not been used for primary propulision as vet, and does not have the
production base that chemical has. The long transfer times also pose
problems for revenue, mission promptness, and WVan-Alien degradation.
Thus, the decisionmaker has no easy solution. The methodology
developed in this thesis should help to provide information as to
current capabilities of optimized ion thruster orbit transfer vehicles.
It also should permit comparison of performance and cost with baseline
chemical rocket systems over a 20 year simulation period.

Originally, I had hoped to include self-field magnetoplasmadynamic
(MPD) , pulsed inductive, and other promising thruster technologies, but
will have to leave those investigations for a later time -- or for
future classmates.

I heartily acknowledge the assistance and advice, both technical

and paternal, of my thesis committee, LTC (Dr.)> Mark Mekaru, Or.
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William Wiesel, and Dr. HWilliam Elrod. Tueir enthusiasm for the
333 project, encouragement, and humor through the long months of computer
skirmishes have been greatly appreciated. My wife and 2-vr old son
have been extraordinarily patient. In the tradition of saving the best
for last, I wish to acknowledge with reverence our faithful Savior, the

Lord Jesus, whose wisdom and grace are matchless.
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ABSTRACT

. K}
)
PN

:}, A flexible methodélegy—has been/déveloped for, optimiz}hg electric

orbit transfer wvehicles (EOTVs) and compaping them with baseline

chemical systems. EOTVs have been characterized by the thruster

technology and the propellant mass wversus power supply mass for

standardized NASA BIMOD configurations. Baseline chemical systems are
>’

/

represented by the Inertial Upper Stage. (IUS5), CENTAUR-G, and a
praposed reuseable LOX-LH Centaur derivative.

Five electrostatic propulsion thrusters were chosen for the'j
optimization. These were the baseline NASA / Hughes 38-cm J-Series
Mercury lon Thruster and four derivatives. Each was characterized
through linearization of experimental data. Relationshipsz of input
power (KW) to the thruster vs specitic impulse and input power vs
thrust were developed. The first relationship along with equations for
power supply mass and propellant mass were input to the Sequential
Unconstrained Minimization Technique (SUMT) noniinear optimization
program. The combination of the propellant mass used for transfer to
GED and return and the power supply mass was minimized. SUMT runs were
made for the five thrusters carrving representative paviocads from | to
6 NavStar GPS satellites with associated masses of 788 to 3443 KG.
Transfer times were then calculated for each of these payload ~/
optimized €CTV combinations. 0f the thrusters chosen, the Ring~-Cusp
3-Grid Xenon thruster accompliished the LEQO to GEO and return trips with

the least mass and the minimum trans+er time.

Wi th this thruster as the choice of technology, the

xi
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™
1
2
o Queueing~Graphical Evaluation Review Technigue (QGERT) program was uszed
-"f"" .
':J‘::’ .‘;’\ t : R [ - "X t o~ Y N - P
~ oy o simulate a 4-way "fly-off" between EOTV, I[US, CENTAUR-G, and the
1
tql Reuseable Bi-Propeilant Vehicle (RBPV). The results oaf the Zd-year
fg;' fiyof+f comparison were used to assign rough Life-Cycle Costs (LCCs) to
v the operation of each of the vehicles. With a figure of merit of only
3,:_ LCC of each system, the CENTAUR-G app=ared best. But, when wusing a
: figure of merit of $LCC per KG deiivered fto orbit, the EOTY was the
best,
25 Besides the initial results, the methodology can be used by those
oo
j}? desiring a way to optimize EOTVs with other thruster technologies {(eq.
L]
-
\5 self-field magnetoplasmadynamic, pulsed inductive) . iJther EaTV
S Ao
jxit configurations may be used for the optimizations as well as other
S
?\j\ payloads. The user may also select other chemiczal or baseline
S
Y : systems to compare with EOTWs in the QGERT simuiation.
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=Y A ANALYSIS OF ELECTRIC PROPULSION ORBIT TRANSFER VEHICLES
;aA Us 1US, CENTAUR-G,
AT
;3? AND & REUSEABLE BIPROPELLANT SYSTEM
=
i
,..;'P :
: CHAPTER [. Background |
P
~! .
A Introduction
AN
£Q§ The United States Space Transportation System (STS) is an
N
Rt impressive feat of engineering and technology. We are now involved in
‘.
?$§ the less spectacular business of practical usage and operation of the
P!
‘}‘ Shuttle. It has been made <clear to Headquarters Air Force that
R ‘;‘ enhancements to the Shuttie are to have priority when considering
?gﬂ future space systems. In Keeping with this charter, this thesis
"y
aj examines the improvement of BShuttle capabiliities through better
;;@ transportation in the near-earth space realm. Expendable upper stages
;vﬁ may be the most expeditious and the only realizable way to do business
NG
3P3 now, but will continue to grow unacceptably expensive as more numerous
o and more massive space systems are launched and placed in operational
.e, y
ﬁf} orbits. Additionally, the capability to visit, retfurbish, repair,
»5%
ey investigate, or retrieve space assets in higher orbits is non-existant
' as of this writing.
Very briefly, the applicability of electric propulsion to orbit
transfer missions on a routine basis is to be examined during mission
N simulations of 20 years. Optimal parametric trade-off studies will
.\iﬁ
- 1-
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599 tirst be accomplished to define the eiectric propulsion wvehicle
s *—( <,

o -

A Y technologies wused in the simylation, The performance of these
RN electric OTVs (Orbit Transfer Vehicles) will then be compared with
::ﬁ current baselines--the operational IUS <(Inertial Upper 3Stage), the
s

o Centaur-G, and a proposed high-energy 1liquid bipropellant OTU--in
!}5 simulated missions.

%

.'.'-i - . . . .

ikj The results of the trade-off studies and the simulations will be
T3

\2A examined in light of enhanced capability for the Space Transportation
';' System (35TS) and for reduction in the number of Shuttle launches to

&
i§\ place given sateliite constellations and space structures in orbit.
¢
’fé History
-
nt

o @ Situation. The U.S. Air Force has been ‘“operational” in space
‘aﬁl
23@ tor a number of years, but is facing a new era with the advent of the
44
}ﬁq Space Shuttle. A recognized weak link in the Space Transportation
o System (5T3) is the “upper stage" or a vehicle to place sateliites in
Y
.

:54 higher orbits than the 3Shuttie orbiter can achieve. Smallier
.-

t.: satellites sometimes do have their own perigee insertion stage and
Lo apogee Kick motor (AKM) for orbit transfer. But satellites are
e

ﬁ% growing larger and plans are being made for Large 3Space Structures
o (LSS in the late 1986‘s, 1999‘s and beyond. A separate Orbit
é?: Transfer Vehicle (OTV) is needed not oniy for these larger payloads,
b

ﬁs but aiso for the operational capability to retrieve, replace, repair,

'.0
V‘J’ or refurbish (R4) satellites. For orbit transter, the Air
:<;, )xi Force-funded Inertial Upper Stage (IUS) is a current answer, but is
iﬁ? A0S
XY

L]
" - 2 -
.'*‘

)

-~y . ) e
¥ 4(;. v, W ' 4..\0.,; ' Coa (i & ' '. YRR LS L RN 2




expensive and is not reuseable. The entire vehicle, including castly

*if 3-axis guidance system, is discarded after one mission when the solid
rocket motors are spent.

Much more etficient would be a vehicle which can be parked in LEO
and be available to transport Shuttle payloads to (typically)

Geosynchronous Equitorial Orbit.

Importance. The need for a reuseable Orbit Transfer Vehicle has

been hightighted in several studies (e.g., 4, 9, 198, 18, 18, 19, 23,
34, 35, S8, 3D. Current solid-fuel and liquid-fuel rocket
technologies, though highly advanced, and though repeatediy proven in
space, require a signiticant mass-fraction ot propellant. 30lid fuel
motors operate typically in specific impulse ranges of approximateiy
219-320 seconds (24) and liquid-fuel in specific impulse ranges of 389
to 455 seconds (numerous Refs). Hence, the mass of fuel expended to
achieve a given required orbital characteristic wvelocity increment,
Av, i3 large. The “rocket equation” shown below illustrates that the
relationship between exhaust velocity and fuel mass is exponential.

Final Mass Mission Velocity

- = Bxp |- (1)
Initial Mass Propellant Velocity

Initial Mass - Final Mass = Propellant Mass

Electric propulsion is attractive in space because it makes wvery
efficient use of fuel which allows a much larger pavicad mass to be
transported. Also, electric propulsion (EP) typically does not

generate the extremes of pressure and temperature found in chemical

&
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propulsion. (Temperature i3 an exception for certain types of EP).
Specific impulses may range +rom 190880 to 10,098+ seconds <+or EP
(numerous Refs). Electric propuision also has advantages  of
restartability and wvariation of thrust level, which are more difficult
with chemical propuision. Nuclear propulsion (i.e. heating of H2 and
expanding through a nozzle) still has some of the Ilimitations of
chemical rockets but with some improvement in specific impulse--to 889
seconds.

Thus, electric propulsion has the edge in greatly reduced fuel
mass required. And added to this inherent advantage is that of having
a significant amount of develoment-—-especially for ion-bombardment
(e.g., 12). NASA-Lewis Research Center has develaoped a rather
complete modular design which includes the engineering detail to
submit to contractors., But the problem remains that an EP 0TV or
vehicle with similar capability has not yet been produced. Ner has

the issue of an appropriate propulsion system been resclved.

Problem 3Statement

The problem is to pick the best propulsion technology +for a
reuseable, modular O0TV. Studies to date have concentrated on
trade-offs to see which technology fits each mission category best.
Typically these studies have generated a single data sot for transfer
time or a graph showing technology parameters vs v or paylioad mass
to orbit. The issue of whether electric propulsion can do the orbit
transfer mission has been well studied .rnzariy all references). but

from the decision-maker’s standpoint, the gquestion of which EP
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tnruster and power supply for specitic missions nseds  more
clarification. Several optimum parametric OTV designs (EP) need to be
determined for both general missions and for specific satellite
consteilation emplacements to better view their capability from the
operational standpoint.

Thus, the problem is to find optimum electric propulsion
technology and power supply technology parameters for qiven missions
and run the optimal designs in 18 to 40 year simulations to examine

long-haul performance,

Brief Approach

Orbital parameters and payload mass for projected 00D and NASA
missions will be inputs for both a non-linear optimization program
(SUMT), and a simulation program (QGERT). The SUMT program will
determine optimum design strategies for the electric 0TVs by trading
various technical and performance parameters. The simulation runs
will in essence provide a parametric "fly-of+" of the optimal electric
QTV and the [US, Centaur, and a reuseable bipropeiiant system
(projected). Output of the simulation provides number of sateilites
ferried in a given number of years, average wait time for an electric
0TV in LEO, transfer times, and optimum number of vehicles to do the
mission. This will form a basis for cost comparison between 0TVUs and
stages. The results should give the decision-maker a good handle on
technologies to invest in and how such systems should perform over the

tong haul.

..............

‘..Q ..-.\:’\‘ \;.'-i




AN A

i AN A8

X
<3

F D

Ry

7 o o i g

oy
c 4

A AL

A

4R ASs

L atw
[ N

CHAPTER II. Literature Review

Scope of the Literature Search and Data Base

The literature search has been quite extensive and it will,
hopefully, prove to be a significant and valuable reference for the
serious reader. However, it cannot presume to be exhaustive as there
are, undoubtedly, many fine reports and studies which have not come to
the attention of this author. Another factor which affects
comprehensiveness is the on-going electric propulision research at
various laboratories, universities, and aerospace firms. Besides
basic research, this author is aware of continuing studies and mission
analyses nearing completion, eg., Ref. 34, Though necessitating
caveats, such continuing work tends to show the wvalidity of this
research area. The sheer number of contract reports and
academic/professional papers show e@lectric propulszion to be a wviable
area ot space propulsion. It is difficult to ignore such efficient
use of propellant mass.

The following list delineates areas specifically pot treated
in the thesis and the literature search:

1. Detailed derivation of the theoretical basis for electric

propulsion techniques.

2. Detailed'design aspects of cryogenic/solid/nuclear/photon

propulsion systems.

3. Interplanetary/interstellar missions.

4. Every concept and technique of electric propulsion, only
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% 3 those applicablie to the given mission are treated.

£68
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;;’ .;; S. Detailed analytical derivation of orbit transfers.
4. Data on materials science experiments with electric

AL

propulsion components.

s Xe

F I

7. Complex, stochastic cost estimation techniques.

¥

8. Detailed reliability forecasting.
iy ?. Intricate design trade-of+s for power supplies--solar,

nuclear, thermionic, fuel celi, battery, etc.

Ve,
f;g Solar shadowing, Beginning Of Life <(BOL) and End 0+ Life (E0L»
a;f: tradeotfs for solar panels are also left to other studies, although
ffii sensitivity to these effects has been investigated in Appendix V.

%;é Addi tionally, the 0TV “designs' are not rigorous engineering
%ﬁ; designs ready for the draftsman, but are conceptual. They exist in

terms of the parameters of the system (such as overall weight,

specific impulse, propellant characteristics, power plant efficiency,

propulsion efficiency, thrust, and lifetime).

e £ Ireatnent and Orounizati

;:5 All 58 of the bibliographical entries for this review have been
23§ grouped under six headings. Within these headings are sub-headings
; : which roughly follow the development of the thesis. Not every one of

the 53 entries will be reviewed, since several are general references,
such as textbooks, since others are ancillary with regard to the main
thrust of the thesis, and since several references, though wvery

relevant, were received just prior to publication. Also, conciszeness
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15 a courtesy to the reader as well as a stated requirement.
Therefore, to help guide you in the Iliterature discussion, the
following outline is given <(references in bracketsz are the ones not
discussed):
1. Background Sources <22, 23, 47, 48, Sé>.
History (24)
Advantages of Elactric Propulsion (24)
2. Generic Electric Propulsion (EP) Sources <3,52,14,
17,31,32,34,338,44>.
Electric Propulision--A Mature Technology (51
3. 5Studies of Electric Propulision as Applied to Orbit
Transfer <7,8,15,27,28,43,44,54>.
Chronological Presentation (13,9,46,35,14,17,59,34)
4. Data Base Sources <5,11,13,21,30,39,40,41,42,45,49,55>.
Overall Design Approach Data (1)
Input for the Trade-Qf+f Studies (12)
Input for the Simulation (29
5. Sources for Analytical Techniques —- Multi-Criteria
Trade-0ffs, Non-Linear Optimizations, (SUMT), and
3imulation (QGERT) <4,58,37,208,33,57>.
4. Orbital Dynamics Considerations <2,23,53).
Low Thrust Transfer is Workable (1)
Please note that the references are not locked in to these headings.
For instance, reference 51 also contains excellent background
material. Thus, these headings serve only as a convenient means for

organizing the entries and are not titles for thesis chapters.

Dl A AN 4 A int Aach A i S o) At

.......




R Y - 2 nd A e AaCh o i B SR AC A A M A RIS A

Background Sources

There must be a genuine need or an established requirement to
Justify the proposal of a new vehicle or system. To lay a foundation
for the thesis, the fundamental advantages of electric propulsion for
space missions must first be made clear.

History. ©Or. Harold Kaufman describes the "Origin of the
Electron-Bombardment lon Thruster* (24) during the late 1958°s. This
particular thruster is relevant to this thesis in that it has become
the most developed form of electric propulsion. This type thruster
now bears his name in most current reports. His article is a
historical development of the very first operable electron-bombardment
ion thruster which he invented or developed along with William
Kerslake and other colleagues while at NASA-Lewis Research Center in
the late 1930s and early 1948s. The thruster was first test-fired in
19é8. The article gives an appreciation for the ingenuity exercised
in its crude beginnings, and gives an appreciation for the degree of
maturation since then in this technology. The 38-cm electron
bombardment thruster (12) and its derivatives are considered

state-of-the-art (SOA) as of this writing.

advantages of Electric Propylsion. Dr. Robert G. Jahn, in his

textbook used at Princeton, "Physics of Electric Propulsion." (24)
provides a more extensive discussion of the advantages of electric

propulsion. The text provides the theoretical physics background for
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':E electric propulsion and the electrical acceleration of gases. It also
iii :¥§ provides a good review of the types of thrusters and their tecnniques
ﬁ:‘ of acceleration. Chapter | is referenced as background for this
éiﬁ thesis because it specificaily shows the ‘“province of electric
?3, propuision” to be "high impulse space missions." It explains that the
4 primary advantage enjoyed by EP is a much higher specific impulse than
;?% is possible with standard chemical propulsion. This directliy impacts
54} the amount of propellant necessary to carry out a given space mission.
o Another very important part of this chapter for this thesis is its
2%: discussion of the power suppiy penalty. That is, the tradeoff of
?ﬁ: power supply weight for higher thrust and also for higher specific
f;] impuise. It introduces the parameters of specific power-plant mass,
';3 conversion efficiency, and characteristic wvelocity increment, Awv.
ﬁ? Also discussed are some specific types of missions where electric
%f qg; propulsion is the logical choice over chemical rockets.
NN Gener 1 ric Propulsion Sources
;ji The majority of the bibliographical entries for this thesis
2:& contains information regarding types and classes of EP. 0f interest
izf to this thesis are those classes and specific thruster designs which
f;; are most promising in the near term for accomplishing space missions.
?%? 1 i¢ Pr jgion=--R tyr Techngi . In his article,
f;? "Eiectric Propulgsion Ready for Space Missions", (51>, Or. Stuhlinger
E§; gives an excellent overview of the mature state of many EP systems and
N
?ﬁ‘ includes many details of performance. Areas discussed included,
W
éib "overview of EP programs" and details of work in Japan, West Germany,
N B |
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i Great Britain, and the U35R, as well as U.,5. programs. Organizations
& :&g and companies with EP programs included: US Air Force, NASA,
P Fairchild, Phrasor Technology, Technion, Hughes, Lockheed, and several
Ef universities. Qther areas discussed were, "Spacecraft Systems,"”
W
fg *Propulsion Concepts," “Thruster Design and Analysis," "Thruster

Performance and Qualification," “Endurance Tests," "Component R&D,"
;2 etc., all of which point directly to the maturity of the technalogy.
s

Perhaps the most applicable part of Stuhlinger’s article is the
2 extensive treatment and discussion of the 38-cm Kaufman thruster
13
;: because it is the most developed and is closest to being ready for
b orbit transfer missions.
A
!
2
:5 tudi ¥ EP as Appli to Orbit Transfer
‘!’ Chronological Pregentatign. Because each of these studies is

rich in material and data for the thesis, and because each is a rather

P N

complete analysis in itself, the following discussion will primarily

address their conclusions. For the reader’s benefit, attempt has been

s

made to stick to the essentiais.
D.G. Fearn (18) found that two uses of EP were especially

attractive. For satellites under 1080 kg, the EP system could be an

¥

"4

ﬁ integral part of the spacecraft owing to the small fractionai mass of
i; fuel required. The other use was a separate OTV or tug with solar
X arrays for power. He pointed out the possible problem of solar panel
. degradation in the Van Allen Belts, but still found the application
0

by valid.
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D.C. Byers, et 2ai, 73 present2d a genera: TMetnogology +or
‘;:} pradicting the overall EP svstem propert:es, sucn as 1Nput DOwWer and
mass, when mission parameters and propeliant t/pe were gJiven. This
provides information for the trade studies portion of this thesis., [t
aids in the selection of the right vehicie parameters.

D.C. Byers, in a subsequent study (&), specifically addressed the
major theme of this thesis, "Upper Stages Utilizing Eiectric
Propulsion.®” He used tne methodology established previousiy (%) to
define the electric thrust system and its power requirements in
detail. With that he presented the payload capabilities of upper
stages using EP for LEO to GEO orbit transfer missions. This thesis
draws upon the payload data from this paper and, additionally,
accomplishes the simulation of an operational QTV system for a 28 year
period, which was not part of Byers’ paper.

William Pipes headed the Martin Marietta Corp. team which finished
an extensive contract study (33) for the AF Rocket Propuision
Laboratory in July, 1788, Unlike the 3 studies discussed so far, this
one considered liquid propeilant (both storablie and crvogenic), and
s0lid propellant as well as electric propulsion systems +or orbit
transfer. [t presented the results in terms of the relative
advantages of each system for certain weight classes of satellites.
Highlighted was the economic benefit of Magnetoplasmadvnamic (MPD)
propuision over ion-bombardment, although significant technical
difficulties (e.g.,electrode erosion) remain with MPD systems.

The second technical report by D.G. Fearn (1&8) tends ta parallel
the Martin Marietta study in its extensive treatment of types of

)
&
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electric propulsion to be considered for orbit transfer missions. The
clear conclusion is that the high specific imoulse offered by EP
provides an enormous economic advantage ower chemical rocket systems
tor the movement of non-priority cargo. Mon-priority is specified
because the transfer times are typically 188 days or more, For
projecting performance for larger diameter ion thrusters, the tables
on page 16 (15 should be helpful.

Robert Finke (19) has edited a volume of collected papers on EP
from the 1979 AIAA International Electric Propulsion Conference. This
represants one of the most complete and current collections available
on EP, as of this writing. Its comprehensiveness is probably the most
valuable contribution to this thesis. Several papers dealt with
application of EP %o orbit transfer missions and especially useful
were two papers dealing with cost-effectiveness.

Capt Jess Sponable (58> has shown through computer modeling
techniques that the Space Transportation 3System (3TS) can be enhanced
and optimized for NASA/DID missions through the emplovment of a LEO
space station and OTV. Although not the primary issue in his thesis,
he also demonstrated significant reductions in launch rates if a space
station and an EP 0TV are both used. My thesis will not include a
space station as part of the scenario and will attempt to answer
whether similar reductions in Shuttle launch rates are possible with
the EP OTV alone. Also useful from his thesis was the NASA/DOD
mission model---a starting point for developing my simulation input.

Capt David Perkins is in the process of having his report printed

which is entitled, "Preliminary Analysis and Comparison of Recaoverable

‘e R ¥
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Space Based Orbit Transfer Yehicles for LEQ to GEQ Missionsz." (3%
Publication is forthcoming in late 1983 and should be available to
certain DOD users at that time. MNeedless to say, this report 1is one
of the most current. [t offers a look at some very new technologies
in the realms of power supplies and thruster concepts rivaling EP in
efficiency. MWhile this report does not perform a simulation as in
this thesis, it provides some excellent data with which to compare

trade studies.

Data Base Sources

Sources to this point have certainly contained pertinent data, but
the following sources have especially useful data as outlined bealow.

Owverall Design Approach Data. Cake, et al, (18> presented a

modular approach to designing an EP space wehicle which wused solar
arrays for power. The study was not limited to an orbit transter
vehicle but was flexible enough to include interplanetary missions.
Data useful for this thesis includes the component and subsystem
arrangements necessary for an operational wvehicle. The report
emphasized the structural and thermal integration of modular
subsystems. Three approaches to a Solar Electric Propulsion (3EP)
module were compared on the basis of mass, cost, testing, interfaces
with spacecraft, simplicity, maintainability, and reliability. Al
portions of the generated data have relevence to my data base.
Input for Trade Studies. The "3@8-Centimeter Ion Thrust

Subsystem Design Mapual' (12) contains specific details of thrust

output, wattage input, specific impulses achieved, and total

- 14 -
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§¥ efficiency. Because this manual was prepared with the qoal of
L
Y
o R producing a worKing wvehicle with necessary specitications for
. -

——

cantract, it has data for several levels of detail. Prawings, mass

i‘ data, configuration layvouts, and engineering details are used directly
_i in this thesis to characterize the Electric Orbit Transfer wvehicle
A (EOTV , As stated earlier, this is the most highly developed of the
Eé EP thrusters and, hence, one of the most likely candidates +for the
Ei first geperation EOTV.

‘ﬂ Input <for the 3Simulation. Kerslake (2¥) has covered

;il performance and durability of an ion thruster system which has been in
?i; orbit and operating for 11 wyears until it ran out of +uel in (731,
'E% This experiment was called 3ERT [I (Space Electric Rocket Test - II).
i;} This report serves as a major indicator for thruster / EP system
.ﬁi lifetimes in the simulation portion of the thesis. Eleven vears is a

"y . long time to endure the extremes of space and this test provides
.'J
:d ampirical evidence and credibility for the concept of an electric
.,
" propuision OTV in addition to valuable data for modeiling.
s}
»
"5
» Orbital Dynamics Considerations
’Q; Low Thrust Orbit is Workable. Capt 5aivatore Alfano (1) has
-
N
f}f shown in his recent analytical thesis that the 1low thrust orbit
:j transfer spiral can be solved in closed form. He has wverified the
i. resul ting equations using numerical computer techniques. Also, the
4
IQ
) resul ts were compared with the standard Hohmann transfer eliipse. His
b conclusion was that the resulting spiral transter is optimai for low
Q.' -l™
oW
\l
h":
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,?E thrust, continuous thrusting and thus accomplishes the mission in
l;; ;:j minimum time using minimum fuel. This is the type of orbit transfer
L9
; that must be used with electric propulsion.
N
*
\H
o
(j Literature Review Conclusion
bj The literature review began with the earliv Kaufman tnhruster and
A3
fﬂ‘ discussed the advantages of higher specific impulse available with

Electric Propulsion (EP) over chemical rocrets. Then, Stuhlinger s

article was reviewed, pointing out that EP i3 ready for implementation

- 20
LY 2% B & W

o

>

" in space vehicles. Many studies applving EP to the orbit transfer
;E; mission were then discussed in chronological order (1978 to 1933).
S

‘3 Data base sources were discussed last. For each report reviewed, some
*1

N indication of 1its content and scope was qiven as weil as its
ié ga applicability to this present thesis.

J& in conclusion, the reader should realize by now that electric
-‘k:

fﬁ propulsion has received a significant amount of attention in the
'\ scientiftic community. The reasons center around its potential for
§1 space missions requiring high specific impuise and/or long duration
)
L} use. Finally, the information and data represented in this
aﬁ bibliography provide a firm foundation for the thesis.
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CHAPTER [II. Approach /

Me2thodology

Research Questionsz

The two most general questions to be answered are, "Which electric
propulsion technology is the best choice for a3 reuseable 0TV," and
"How does this electric system compare with bas2line chemical systems
in mission performance and cost?" The more specific questions to be
answered are as follows:

l. Which electric thruster technology  among  sawveral lab
demonstration prototypes would optimize an OTV in terms of reduced
fuel mass and reduced power supply mass for giwven missions?

2., Giwven specific missions, what are the transfer times and
round-trip mission times for the optimized electric QTUs?

3. Does one electric thruster technology cleariy outperform all
others for each mission?

4, Using a comparison "fly-of+" simulation between Elactric 0TVUs
(EQTVs) and baseline chemical systems (IUS, Centaur, Reuseabie
Bi-propellant), is a reduction in shuttle launch rate possible wusing
EOTVs?

3. Using the same fly-off, is any reduction in cost over present
operations suggested?

6. MWhat would an optimal number of EOTVs and Re-useable chemical
0TVs be -- i.e., fleet size?

7. Are Shuttle enhancements, expanded near-earth operations, or

new DOD missions suggested by the performance of optimized EOTUs?
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In answering these questions, the algorithms and methodology which
are to be developed should prove helpful to decisicn-makers and to
staff/committees considering the best way to exploit near-earth space
on a limited budget. A set of research objectives has beszn
established to further define and specify how these questions are to

be answered.

Research Objectives

The following research objectives clarify what this tnesis effort
i3 to accomplish in answering the gquestions posed in the oprevious
section. This should also help to narrow the scope and further define
th2 problem.

1. Choose at least 4 electric thruster technologies that have
been operated for lab testing and represent developabie systems in the
near term (5-135 years), then optimize input power <{(Kw) and specific
impulse (sec) to minimize both propellant mass and power supply mass
for £07. s using these thrusters to accomoiish given missions.

2. Develop an algorithm ./ program to +ind optimal specific
impulses and then use the resuits to calculate the transfer times out
to an orbit, back to the original or another orbit, and the combined
round-trip time. This should be flexible enough to use for other
missions besides deployment of satellites.

3. Examine the results of the optimization in trading-off
different thrusters, overall EOTV masses, and transfer times for all
given missions to determine if one technology clearly is best.

4, Develop a GGERT simulation program for each type of Upper

- 18 -

Rt 0 30 A A I P P G B R G Ry Ly T TN, Ve e

P oled e g A ' AR e e e Rin S b A A I A R A CR R A

. o
-’\-' «*




T (R o 0 S A N I R et o e s 4 - Pt At A . S TRTATS A TSI TR TR AT AT T TS e e T e T N

-

Py

;fg Stage / 0TV and use it to fina the number of Shuttle launches reguired
v

k.2

5 ':i' to place given missions in their final orbits,

4 "c

S. Using the simulation program, determine an optimum fleet size

g; for both the EOTV and the Reuseable Bi-Propellant Vehicle <(RBPV).
E% *Optimum® is that minimum number which will preclude satellites ./
o payloads from queuing in low earth orbit while waiting for transfer,
;‘f and provide some vehicle redundancy for reliability.

SE 8. Using the simulation "fly-oftf" results, attach rough cost
5 estimates to Shuttie lTaunches, Upper Stage & EOTV wvehicle purchases,
?sg and payload delivery operations. Compare coarse life-cycle costs
2;3 between non-reuseable and reuseable systems,

;;3 7. Use the overall optimization / methodology to investigate
55? other missions such as on-orbit spare placement and recall, spent
;iﬁ satellite retrieval and refurbishment, and satellite visitation for
%) 453 refueling RCS, battery / szensor replacement, or inteiligence gathering

on unfriendly systems.

These represent the specific ob.jectives of the reszearch effort.

o A . .
‘:7 In the next section, the approach chosen to meet these obijsctives and
o
] Justification for the approach are presented.
"'3
RoH
w1
g
3 Approach and Jystification
it . L . .
Ly The approach and rationale <for the optimization / trade-of¢f
H, 'rq
:1 studies for different electric thruster technologie®s will be discussed
193
£
R first, Then the approach and rationale for the simulation will be
g‘j e discussed. The reason  for choosing to do both an
o D
X
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.j optimization/trade-study and a ‘“flv-of+" i3 that none of the
5
¥ AN references which this author has studied have done both. et,

. Q3
. decision-makers would like to compare not only thruster technalagies,
§

3 but also examine operational performance and costs over the long term,

é say, 20 years. That is, when considering how to make better use of

the Shuttle for delivering payloads, and when considering the benefits
<]

. of reuseability, one would like to first compare alternatives and then
I‘

N take an optimized system and "fiy" it, even if only in a simulation,

against the baseline upper stages.

f Electric propulsion, as mentioned before, offers much more
'? efficient use of propeliant than chemical combustion or nuclear
” heating/isentropic expansion. It imparts significantly more energy to
,‘ each particle of propellant and greatly reduces the opropellant mass

needed to accomplish a Qiven mission. This higher exhaust wvelocity

Y ﬂ provides mission capabilities not possible before, such as retrieval
}i of satellites from geosynchronous orbit, or delivering several
§j satellites to destination orbits without refueling. ine *rade-off is
? in power supply sizes/mass and in very low thrust (hence lonQ transtfer
5 times between orbits). The 1long transfer time could perhaps be
3
2; tolerated by planning the launch date earlier and/or by hardening the
. satellite and vehicle against Van Allen radiation. But in all cases
g
i: for EP, it is possible and desirable to shorten the transfer time
¢
o, through choice of thruster and through vehicle optimization.

Al

. The approach chosen for the optimization can be summed up very
y
b4
) broadly in two words, "minimize mass." In doing this, cost generally
: o decreases both for earth launch ($/kg to LED), and also in materials
W, 'C-.f:'

[}
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;5 and manufacturing (many references express costs 1n terms of #$/Kg of
'3 {QS the finished vehicle), If the total +enicie mass is fixed, then
1‘ = tinding the minimum for propellant and power supply mass means more of
; the total can be payload. If all other things were constant, transtfer
. time would also be least for minimum mass. But the salient mass
‘ trade-off (between propeilant consumed and power supply mass) is a
?» function of the exhaust velocity or specific impulse of the thruster
'ﬂ which is governed by design and by input electrical power. As ISP
j; increases, total propellant used for a given mission decreases, power
;3 supply mass increases, and thrust increases, all of which means that
i? transfer time continues to decrease with increasing input power <{and
>, resul ting thrust increase)(37,49,41). This relationship of input
% power to thrust and exhaust velocity is true for electron bombardment
g: ton thrusters but not necessarily +or other types of EP. For

Qg% instance, a Martin Marietta study (44) indicates that increased input

power is accompanied by decreased ISP and by increased thrust for the

self-fieid magnetopliasmadynamic (MPD) thruster. As  long as a

A,

mathematical relationship can be drawn, though, between relevant

o LB

parameters, the potential exists for optimization.

»

&

Because many of the mathematical relationships are non-linear, the

optimization technigque chosen is the Sequential Unconstrained

Minimization Technique (SUWMT) for nonlinear programming. [t was

recommended by faculty having extensive  experience with its

s
K . flexibility in handiing a wide range of problems. At first the
ny
4
~ approach was going to follow Stuhlinger’s optimization equations <(52)
o
p and maximize payload ratio, maximize terminal wvelocity., and minimize
N - transfer time simultaneously. But after initial  formulation,
NI
¥
" - 21 -
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de-bugqing and examination ot the results, the output parameters were
for a purely mathematical model and did not represent any existing
thruster., To rectify this would require extensive modifications to
the equations by adding thruster efficiencies and actual thruster
relationships of input power, exhaust velocity and thrust.

The approach finally decided upon was inspired by Jahn's text
(24) . He suggested that as ISP increases, power supply mass increases
and propellant mass decreases for a given specific power of the power
supply. Rather than aiming for the highest ISP in a design,
theoretically an optimum I[SP should exist for which the maljor
components of mass which vary (propeilant and power supply) would szum
to a minimum. However, no method of finding this optimum was given in
the text. This relationship is also mentioned in the HNA3A-L: 13
literature (42).

With the idea of minimizing mass, it was then necessarvy to find
the relationship of input power to [3P and thrust. Experiments
performed at MNASA-Lewis Research Center (LeRC) provided data peoints
from actual operating electron bombardment ion thrusters of different
configurations (3%,48,41,45). These thrusters are derivatives of the
highly developed baseline 39-cm Kautman ion thruster, J-series. This
thruster represents the closest to flight-ready of any primary
propulsion EP design.

The data points were first plotted and it was noted that the

vyt curves were somewhat linear. A linear curve-fit was applied and
ey relationships for input power vs ISP (& exhaust welocity) and input
2" power vs thrust were developed. The first became an input equation

, for SUMT. The important added benefit of these relationships is that

ey e ya o, e, L P T A TP ST SR T p e te At AT Rt M AT R, " N, NCpt AT At L m e T et T e e o
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é ail the efficiencies (mass utilization, electric to beam opower, 2tc)

.; ;&;_ are included / accounted for, since the data is measured or derived

;“ from actual hardware performance. MWith other standard relationships

’3? trom the rocket equation and a relationship +for specific power

,': (characterizing the solar arrays) included, the SUMT program was
formulated and de-bugged. Further details on equations, outputs, and

%ﬂ the program itself are found in chapter 4.

o

¥

i The approach to the simulation stemmed from an earlier study by

? this author demonstrating the benefits of reuseability of upper stages

2§ / tugs 1n a UGERT simulation model. 1In this thesis, similar models

» are developed for =ach of the candidate vehicles: Electric Orbit

fg Transfer Vehicle (EOTV), Inertial Upper Stage (IUS), Centaur-5

5; (CNTAR) , and a representative Reuseable Bi-Propellant Uehicle (RBPV).

n @ The EQOTV is optimized in SUMT for the payload or mission model and i3

:% reyseable. The IUS and CNTAR represent our current upper ztage

:: capability for heavier satellites. For lighter satellites, Payload

¥y Assist Modules (PAMs) and Kick motors are used., The RBFY is a Centaur

fy: derivative using LH, LOX in the RL-10 enqine, Its general

2: characteristics are combined from a Boeing study (15) and a 3vstems

, Engineering study performed at AFIT (49?). The proposed RBFY does not,

'g however, include a ballute or use aero-braking as in the case of the

EL: the Boeing OTV. It is assumed to be a space-based vehicle requiring a
special refueling pallet and astronaut ~/ specialist team for the
refueling operation,

W

h Al though the SLAM simulation program was first considered dus to

:, ;{:~ its flaxibility, it was determined that QGERT (37) would be sufficient

Ny ™
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';. tor this study. Also, thisz author was more familiar with QGERT and
(

e

$ Sk had used it for a similar modeling problem. QGERT allows modeling of

248 .-'

: performance over selected periods (eg. 12, 20, 39 vyears) and allows
4

_j: the modeling of wuncertainty to reflect real worild operations.
-~

v Uncertainty can be included in reliability factors, in Shuttlie launch

'9

schedule, and any other contingencies desired by the decision-maker.
Modeling these uncertainties as well as wvariations in schedules,
changes to payload manifest, 0TV refurbishment, etc., would naormally
be difficult to accomplish analytically.

)

The simulation "fly-offs" between each vehicle are run over a 28

N

year period. The number of shuttle launches required and the mass

;' delivered to orbit are determined. For the EOTV, the average transfer
Eas time is obtained. Inputs to the program are the mission pavload mass,
N

Y velocity increment representing the final orbit, and for the EOTV, the
”{ dg) equations characterizing the thruster and vehicle, The outputs of
-]

i: Shuttle launches, numbers of vehicles (each type) needed, and other
'fj considerations are then used as a basis for assigning coarse costs and
Fe comparing alternative operations during the "flyv-off."

¥o

‘.d

rl.

Methodology

i This section will deal first with a broad picture of the
N methodology and then show a more detailed wview of the tasks,
o assumptions, and information. flow that are involved in doing analvsis
‘§j with this methodology.

o

,: 3, [t can be seen in Figure | that the mission determines the needs
O A

Y ~
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isg and provides inputs for the S5UMT and GGERT programs. Each mission i3
%E :{i. characterized by three major parameters: mass, orbit altitude, and
{ orbit inclination. The desired orbit altitude and inciination are
§§: used to determine the required velocity increment, Av, through use of
S: the Alfano-Wiesel curves (D, The?e curves give the minimum energy
transfer in the case of low thrust (ie. - the EOTWV. ijse of these
curves is also covered in Appendix I[I. The Av for the other
i; vehicles, [US, CNTAR, RBPV, is a straight-forward Hohmann transfer and
t\’ because these transfers take place in less than a day, no detailed
Ij calculations are required by this methodology. Therefore, for GGERT
‘f “fly-off" purposes, chemical systems are asszumed to make the transfer
e in 8.5 day.
-
;5 The methodology is set up so that the user may specify a mission
£ or amission set and run the algorithms with this input. The
o ‘!; algorithm is designed primarily for a deployment scepario in which
d
gﬁ payloads are transported from LED to some  higher orbit and
vtﬁ inclination. Other scenarios can be envisioned and these are2 trzated
53 in Appendix V. For discussion purposes, the NavStar OGP5 has been
:j selaected as a representative mission payload <+or wuse through the
;E entire methodology. Chapters 4 and 5 will discuss the specific inputs
;i. and outputs in some detail, but the emphasis is on the averall picture
:; in this chapter.
.ﬁg- Referring to Figure 1 again, the Jlower leftt block depicts the
N optimization of an electric propuision Orbit Transfer Uehicle (EOQTW).
%‘2 Components chosen for the propulsion and power systems come mostly
V; from the 38-cm Ion Thruster Design Handbook (12) plus a compilation of
\3 ?Q? data from numerous other sources in the bibliographv. The wuzer mav
}‘ L
0 - 25-
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relationship between input power and [3P/thrust can be excressed
mathematicailv., I+ not, the user must modify the SUMT program inpout
more extensively. For the GPS example, five thrusters compatible with
the Design Manual were chosen and optimized for 1,2,3,4,5,and &, OGP3
satellites aboard. Based on the minimum mass of the system determined
by the SUMT optimization and on s=condary calculations of the transter
time, an acceptable combination of minimum mass and minimum transfer
time are chosen as the desired optimum EO0TV. Details will be coverad
in Chapter 4.

Having chosen an optimal EOTV, this vehicle can then be sxamined
for long term performance in a "fly-off® against our present upper
stages and a1 representative Reuseable Bi-Propellant Ushicle (REBPU) in
the QGERT simulation. This phase is shown in the lcwer right-hand
block in Figure 1. Mission characteristics of &v required, Shuttie
integration factors, etc., and wehicle characteristics for EQTY are
inputs for the QGERT models. One QGERT mode! exists for each of the
upper stages and 0TVs. The wuser may decide the appropriate tfime
period to run the simulation, but 20 years is wused 1in this fhesisz.
While the simulation may be run using a single type of sateliite
pavioad, a mission set can be used. Either may be specified by the
user. More details will be covered in chapter 5.

With the results of the szimulation, the performance of each
vehicle may be examined and costs assigned to the -.operations.
Determining costs has proven to be difficult and etusive for syatems
not yet in existence, and even for the I[U3S since it has not had as big

a block buy as originally intended. However, coarse cost estimates
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can b2 wused for comparison. Other resultz of interest to  the
decision-maker are the nunmber of Shuttle launches required in wusing
2ach upper stage / 0TV and the total number of satellites delivered.
With these resulits and a MKnowledge of the assumptions and inputs
comprising the resylts, the decision-maker should be in a better
position to evaluate the merit of operating with one or 2 mixture of

these vehicles.

To grasp more of the details in working with this methodolagy,
reter to Figure 2 for the following discussion. The operationai need
drives the requirement for a satellite syvstem. Those satellites not
deployed in LEOD must be delivered to higher orbit by Kick stages or
Payload #Assist Modules (PAMs) for lighter satellites, or us,
CENTAUR-5 for heavier ones. The ;ecision-maker then has a need for a
tool or method for evaluating these expendable stages agQainst more
fuel-efficient, reuseable slectric UTVs and against reuseable chemical
0TVs.

For purposes of the optimization, the user may choose a specific
pavioad or a representative mission set, [f a specific payload is
chosen, the SUMT program will require the mass of the pavioad to be
inserted in the equation tableau. A comment card is included by this
author at the appropriate lines in the formulation. [+ a mission set
is chosen, three approaches exist. The +irst {3 to run ST  ana
optimize an EQTY for every different payload in the set. A single
optimum EQTV is then chosen to favor the payload with the highest

trequency of launch, or a weighting technigque can be devised with

weighting factors determined by the decision-maker. The second
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approach is to categorize the whole set by a single reoresentitive
payload and optimize the EOTY for that nominal pavload. The thira
approach is to group the set into similar mass and orbit requirements
and optimize a fleet of EOTVs, one for 2ach group.

The orbit altitude and inclination for the payload must be used in
the Alfano-Wiesel transfer to obtain the Av required. This Av, in
KM/sec, i3 an input for SUMT and for subsequent transfer time
calculations,., It appears in two equations in the 3SUMT formulation and
is readily edited. With Av, paylcad mass, and qgeneral EOTV
characteristics as inputs, the SUMT formulation aliows the wuser to
choose an appropriate thruster technology and optimize the EOTY. For

?ﬁnitia\ runs, the general EOTV parameters were masses from the Design
‘Manual (12). The selected thrusters were all derivatives of the 3@-cm
electron-bombardment Kaufmin thruster. The user may optimize given
payloads with these parameters or select other EOTY configurations and
thrusters., SUMT is primarily minimizing the combined masses of the
required propeliant and required power supply. In the ootimization,
the parameters that are being determined by SUMT are the throttiing
lavel for the set of thrusters (input power for given exnaust
velocity, thrust, and mass flow) and the resulting trade-~off between
fuel mass consumed and power supply mass required to do the mission.
The mission i3 two-way, deploy and return with most of the fuel
consumed. Note that electric propulsion systems have the potential
for accompiishing several "out-and-backKs" without refueling, whereas
chemical propulsion systems are hard-pressed to  make ane
"out-and-back.” The optimization resuits provide the required input

power to the thruster in order to simultaneously minimize the fuel

- 30.
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mass and power supply mass. Since the structure, housekeeping. and

pavload masses have been specified, the major drivers are prooellant

and power supply. The optimum £0TV has been found by SUMT as iong 2

the associated transfer time i3 acceptable.

The =quation to determine round-trip transfer time for the optimum
EOTV deploying its associated payload is given by:
v = (Mp1 + Mp2) 9 (Ts5) (2)
N (Th)

1r’is round-trip transfer in seconds, Mp; is mass of propeilant out

to orbit, P'PZ is mass of oropellant return, N is number of thrusters,
and Th is thrust per thrustsr. All units are MK5. This is a standard
relationship based on a rearrangement of: thrust = mass flow x
exhaust wvelocity. Masses for the equation are obtained from
derivatives of the rocket equation, eq. |. I[f the transfer time 1is
nat acceptable, more thrusters can be added and the EQTV op&imlzed
again, or more input power can be supplied (away from the minimum
mass) until the transfer time is within an acceptable range. It
should be mentioned here that a program was formulated which minimized
both mass and weighted transfer time. However, the solution from SUMT
would not converge within central processor time limits. That effort
is recommended for further study.l

Once the transfer time is acceptable, the methodology flows to the
"fly-off" simulation., The characteristics of the optimal EQTV, the
payload mass(es’ and Awv(s), and any special mission constraints, such
as Shuttle compatibility / integration, t%ransfer time restrictions,
etc. are input to the GGERT modeis. One model for 2ach upper stage ./

transfer vehicle was developed. This ajiows a clearer comparison
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f; betwaen them as each delivers the same representative payload or
N , mission model. The characteristics for [U3, OCNTAR, and RBPY whicn
L A

G
3 D
R ‘o

were previously determined are incorporated in =2ach madel.
Each of the four wehicle QGERT models is directly influenced b+

the Shuttle launch rate. Because the RBPV is reguiring extra 3Shuttls

e et

flights to bring up fuel and because valuable payload bay space i3
taken by the upper stage in the case of expendable systems, there 1is

potential for reducing the Shuttlie launch rate with an EQTV.

A, Ay Ay B, 4

Requisite for each simulation model is the turn-around for the Shuttle
-- how many trips to LEQ are possibie in a year? Given the difficult

tasks of refurbishment, ET and SRB mating, payload integration,

.“'AA f ¥ Rl e Ay

refueling, and system checkouts for Shuttle, the turn-arouna with 3 or

4 Orbiters will probably not be under 20 days wvery often. S0, a

realistic figure of 18 launches per year is chosen for late 179308s,

a2

‘;’ early 17¥8s, even if it is a bit conservative compared to many
literature sources. Several studies assume wvery high launch rates

S commensurate with greatly increased space activity in the 199875 and
beyond. But Federal and industry budget constraints are Jlikely to
persist in the next 20 years, and that will undoubtedly curtail both

customers and operators of the Shuttie, The lower assumasd launch rate

!+ ALY LTS

may tend to favor the expendable systems, and therefore the study

W resul ts should be conservative in that regard, too. Examining total

! number of satellites delivered in the 20 vear (selectabie by user)

period and comparing to the number required by the mission model can
suggest what reduction in Shuttle launch rate, if any, is possible.

QGERT readily allows for introduction of wuncertainty. While a

decision-maker may want to model uncertainty throughout the "fly-of+f",

¢ “"'f.,p.;‘u y

-
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this author chose 3 areas that 1In reality should have uncertainty
associated with them. The first is the input Shuttlie launch rate. =Y
nc-mal distribution is chosen with standard deviation of +.- 18 davs.
An earlier modeling nad incorporated an uneven 1nrterval Dertwesn
launches with an exponential interarrival distribution. But the
inherently large wvariance was not needed in this “fly-of+f."

The second area of uncertainty is failure of the upper stage or
transfer vehicle. For the EOTV, a reliabilitv of .979 is assumed
because if one or even several thrusters fail, the mission 1is not
aborted. The transfer will simply take longer as the remaining
thrusters are gimballed to compensate for the lost thrusters and the
mission continued. At low thrust levels this is possible, whereas ail
chemical vehicles being compared here would be totally lost upon
failure of one engine (the only engine in the case of IU5S Kick
stages). Also, the EOTV has at ieast two PPUs per BIMOD umit, two
interface modules per wvehicle and at least two saolar panels. [t is
assumed that the malfunctioning wunit could then be replaced upon
return to Shuttle orbit and arrival of the next Orbiter with parts.
Assumptions for other model reliabiiities are: .7485 for IUS, .7335 for
Centaur (weighted by previous performance’) and .?75 for the RBFV. The
decision-maker is free to make alternate assumptions tor
reliabilities.

The third area of uncertainty is in Shuttle payload manifest,
since changes will undoubtedly occur to the schedule. Also, some
payloads will not require transfer to higher orbits. To account for
this, a node is included where &5/ of the time the arriving pavioad is

not transferred by any of the four vehicles. Reasons for this might
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N include, Spacelab mission, FAM deployed payload, LED experiment
»
W package, and LEQ satellites. More will be discussed in Chapter 5. It
2, B
f i is important to note that although uncertainty is included, each of
b~ the four QGERT models will be subjected to the same random number
D‘
5 stream so that variance between compared runs is controlled. That is,
L uncertainty affects outcomes of the four models, but is applied
k) consistently to each model.
?4 With ail of these results of reduced 3Shuttle launch rates, OTV
& tleet sizes, number of satellites delivered to final orbits, and
o effects of uncertainties, the methodology proceeds to the
:
; determination of coarse Life Cycle Costs (LCC) for acquisition and
g

operation of 2ach alternative vehicle. More will be discussed a3 to
.
X assignment of costs in Chapter 8. With the performance of each QOTV ~/
fl
~ Stage and a rough comparison of LCCs, the decision-maker now has a
) ‘Jb tool with certain flexibilities that allow comparison and evaluation.
g With more information, the decision-maker can assess a decision to
3
f continue present operations with IUS and later the Centaur-3 or to

acquire either electric or chemical reuseable transfer vehicles.
I
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CHAPTER IV. Optimizaticgns Using SUMT

3UMT Non-tinear Program

The Sequential Unconstrained Minimization Technique (SUMT) program,
has been chosen to optimize EQTVs for given payloads. SWMT  has the
tlexibility to use more than one available technicue to +fi1nd the
minimum of a multivariable, nonlinear function subject to nonlinear
inequality and equality constraints.

The general mathematical programming formulation of the orobiem is:

Minimize: FCALe Xpanans X3)
Subject tor Gy(Xy, Kggeeey Kg? 28, K= 1, 2, «ooy M

Hk(xl’ Xz,--., )(N) = a, k= M+l. M"‘;‘, e v ay M"’M?

The procedure for solving this non-linear programming ¢(NLP) problem was
developed by Fiacco and McCormick as detailed in references 28, 33 and
57. The inequality and equality constraints are attached to the
original objective function to make uze of penalty function technigues.
The resulting unconstrained function is minimized using one of several
appropriate multivariable, unconstrained technigues.

The following quote and diagram (Figure 3) from reference 2@
describe the procedure followed by the algorithm in finding the

minimum.

"The algorithm proceeds as follows:

1) A modified objective <function is formulated consisting of the
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; sriginal function and penalty functions with the form:
)
‘u' \.‘\
&4 :;‘:5’ M "¢Mz 2
( PeF-r s + I W/ (3)

‘-,‘ kvll kzM*i

~

> . L . :
[ i where r is a positive constant, ~s tne algorithm progresses, r 13
\n

s reevailuated to form a monotonically decreasing sequence Py 2P, Ze.e28.
é‘ As r becomes small, under suitable conditions P approaches F and the
SA
f}ﬁ problem iz solved.

W
- 2) Select a starting point (feasibie or nonfeasible) and an initial
f value for r.
\ ) . . . .
ej 3} Determine the minimum of the modified objective function <+or the
%N current value of r using an appropriate technique (several options
A available),
N 4) Estimate the optimal solution using extrapolation formulas (33).

= 4;; 3} Select a new value for r and repeat the oprocedure wuntil the
‘ : convergence criterion is satisfied." (29)
b

r

}Q

: The developers of the code consider it to be a research tool rataer
'.j than a production code for NLP (33). This 1is because it ailows
)
LAY,
‘_3 experimentation with various technigques for soiving NLFs, since no
= existing technique handies all types of problem formulations. [t is
5
Lt this flexibility that has made it a choice for optimizing EQTVs,

o

-~

n?
¢
e .

; Preiiminary Mission Model

2) .
2 It should be made ciear that the user of this methodoieogy 1is able

to choose a single payioad or several payloads comprising a mission

:i; ‘; A model and then have the EOTV optimized for that pavicad or model.

3o
'e N
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For purposes of demonstrating and veritying this oortion of the
m2thodoingy, the Nav3tar GPS satallite consteliation has been selectad
as a mission model. This allows preliminary results to b2 sbtained for
thesis sponsors at USAF Space Division. Also, other payloads mavy be
represented by the mass categories arising from deploving 1 - & GPS
satellites at the same time with one QTV., For instance, one FLTSATCOM
satellite would be similar in weight to 2 next-generation GPS
satellites.

The following table shows the mission model in terms of number of

AL A A

A

GP35 sateillites (34TS5), mass in KG, weight in LB, and Awv for LED to (&0

»
o)

0

orbit change. Current GP5 satellites are in sub-svnchronous

but GEO is a possibility in the future. 3o, this "worst

1)1
JJJ}*

¥

of deploying from a 288 km orbit to GED has been used during initial

»
l."

-
-

.
<
a

optimization runs.

-

.-‘A"f

EXX KKK EAEA KR KRR KK KA XA R R KA KA RK R RE AR RAR AR R KKK KRR KRR

rd

TRBLE 1

:

;

Ll ¥ .,'
3

PR

# of SATS MAa3s (KG) WT_<LBY AU to GED (KMASED)

783 2882
1814 4984
2724 8835
3432 3907
4549 18989 53.8332
é 5448 12011 5.3332
EEARRRERXARERE R AR AR AR AR R AR EF AR R R FRR AR EARERRRAANXRARAENAERRNNRE
The Av in Table | was obtained from the Alfano-Wiesel Optimal
Many-0Orbit Transfer Curves for low thrust. The weight figures resulted

from rounding the mass of the 20808 1b olanned-growth GF3 to %82 Ka.
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Multiples of 998 were used +tor the2 runs and comprise the KG coiumn.
Hhan converted back to 1bs. for comparison, the welghts are not 'nicse
and round.” MKS5 units are used throughout this methodology for  all
calculations. "Planned-growth" refers to the fact that other sensor:
and hardening are planned for future GP5 satellites, These satallites
should be ready +or deployment in the time frame that EQTVs coula reach

Initial Operational Capability (IOC).

characterizing the EQTV

In order to make initial runs, assumpticons have been made regarding
Electric Propulsion Orbit Transfer Vehicle masses and ‘hese assumptions
will be discussed first. Mext, the method for characterizing the
thrusters for the SUMT program will be discussed. For more information
on the proposed wvehicle contiguration, the reader i3 referred to
Appendix 1.

The 38-cm Design Manual (12) contains tables of masses for the
components oFf the thruster subsystem called BIMOD. As the name 1moli2s
this BIMOD unit is moduiar and includes: two thrusters and their
associated Power Processing Units «PPUs), thermal control for FPUs, and
thruster gimbals. MWhen fastened together, 4 BIMOD units containing 3
thrusters form the basic propulsion confiquration assumed +for the
preliminary optimization runs. On top of the 4 BIMOD wunits is an
interface module which contains propeliant tanks, gimbal electronics,
thruster controller, power distribution, truss structure, harn2ss, ana
more thermal control, The given mass of =ach BIMOD unit i3 137.1 Kg

and thus 4 units total 348.4 Kg. The single interface module for these
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=
\f? 4 BIMODs i3 158.7 K3, less propellant, The total propuision zyDsvystem
':i; i;ﬁ is 787.1 Kg. Telemetrv, guidance and control, and other av:icnics Dius
{}_ Control Momznt Gyros (CM5s) in lieu of a Reaction Control 3ystem (RCS),
E;' solar pane! array steering, autonomous computing, and pavload
ii? interfaces are assumed to round the wehicle mass to 1888 Kg., total.
™ Foliow-on runs will include further assumptions as to wehicle
f\;'

:{:B characteristics. Users are, of «course, f+free to make their own

-

:?3 assumtions / calculations of the EOTV masses as new data is availaple.
‘\'\ With an assumed vehicle mass of 1888 Kg., the next ‘task iz to
S
?§3 determine a way to characterize thruster performance i1n the SUMT
RN
V?L“ program. This has been accomplished bv noting that experimentai data
‘tﬁﬁ on ion thrusters (37,498,41,49 shows an approximately linear
X
;Ea relationship between thruster input power and pertormance
n?-: characteristics of ISP ( & exhaust velocity ) and thrust. Figure 4 i3
;fﬁj Q;; a graph showing ISP and thrust plotted against input opower for a
?-Ej Ring-Cusp 2-grid ion thruster. A5 input power 13 increased, both

g
e B |

ordinate vaiues increase. A simple, linear curve fit was performed for

¥ ‘I
.‘...?

2ach of 3 electron-bombardment ion thrusters. Examples of the

.;.
Y %

pd

i
L]

2xperimental data table and I5F and thrust curve fits are in Table 2

"' -
l\l
L)

'l
»

5 I

and Figure 5, respectively. These data points and the ocurve +it are

¢$:. tor the Ring-Cusp 3-grid ion thruster, Data and curve fits ftor the

other 4 thrusters are found in Aopendix [. In follow-on studies 1t 1s

hoped to include other electric propulsion technologies such as

(Y
L)

self-field magnetoplasmadynamic, pulsed-inductive, rail-gun, and other

e

promising designs.
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TABLE — Isp

INPur PWR, W, (kW) | DATA Tsp | Lueve Fir | DiFrerewee| 9
/59 Kkw /580 (588,95 | S5.9508 | .00¥
A 2050 | 2033.29 | 4208 |.009
__2 32 2270 2280.757] 10.7572 |, 003'

Isr STATs: Méaw W: 199

Oﬁx=u3mua37 Sx= 037
MEAN TsP: [966.7

Ty = 287.7085 Sy =352.4475
EGN: Tsp = 9517896 (W) + 72.6053

SUMT FormutATion): 31 VAL = X() - 951, 7096 (W) - 72,4053

TABLE — THRUST

INPUT Pwhk, W, (kw) | THeuss (4) | cueve FIT"| Dircsesuce | %
/.57 kw 09¢ | L094139 | .000/3 | 00/
) 206 42/ 120605 | = 00039 ,oo:;
2,32 _/.;5 . ;)3325/2; “.‘5;;3/:— 032_
THRUST STATS : MEAW W: 99  “Wx=.3020037  Sx=0.37
MEan Th: N7  Ony =.0170/63 Sy =.,0208407

EoN:  Thrast = 050318 (W) +.004593

SUMT FormuiaTion: 39 VAL =X (6) =, 056319 (W) —.004593

.. [] .. I. L] .. -
Qs

]

a ; \
e,

ﬂ/eu:r) ISP Vs W CALCUATIon's
RING = LUsP 3-GQRID VYE THRuSTER
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f} Program Code Inputs
el
Y S . 4 . R L .
e o Several of the available options in the 5UMT iibrary were tried
¢ﬁj against four of the types of thrusters for EOTVUs carrving payioads from
..“
~
}j 2088 lbs. to 126888 Ibs. The results of using different cptions waried
3N
a2 from program dump for lack of Central Processor (CP) time to sucessful
BN runs with only slight wariations (tenths of seconds) of CP time.
- I’
3} Answers varied from exact ( >6 decimal places ) to erronsous. Thus, a
P
\Y
A signitficant amount of time has been devoted to finding a set of options
2
5&: that qives meaningful answers within reasonabie CP time limits,
AN
N7
‘:g Option Keys allow the SUMT wuser to input different convergencsa
-
e A, +
< . . ) . . . . g
2 criteria, printout options, and problem linearitv, as welil az the
el
P desired unconstrained minimization technique. The option revs which
:xf- sesmed best for EOQTV formulations were:
. NT(1)=3 r value option set to RHOIN
‘ [
7] b NT(2)=1 automatic inclusion of trivial constraints, < 24,
N‘
¥R
.iq MNTL3)=1 standard printout
& NT(4)=1  final convergence determinad on basis of current
N subproblem solution.
! _ | |
:;ﬁ NT(3)=2 final convergence ogion
PO
'\‘u\ )
— NT(&8)=1 no extrapoiation
! .
Y NT(7)y=1 subproblem convergence option
¥
) . . . . .
55; NT(8)=1 linearity: at least one nonlinear consiraint
n . . . . .
o NEXOP1=1 option for checking derivatives
o~ NEXOP2=1 unconstrained minimization technigue =- in this case, the
>
5:3 method chosen is the generalized Newton-Raphson method as modified to
LNt
»
L
ii handle indefinite Hessian matrices.
s Y
¥ :5 "‘J:f'-‘
& by
W
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523 In some cases where convergence was requiring too much TP time --
o

S& :;3 such as for the inert gas thruster -- option NT(d was set to 2 so that
K:_ final convergence was determined on the basis of first order sstimates,
E; This required typically /2 the CP time as before, but at the expense
-§§ of accuracy. Instead of & decimal places, this option satisfied
o equality constraints to within only 3 decimal places of the optimum
;Ea point. This is not considered significant for the EOTY optimization
i:ﬁ problem.

f"_ Formuiation of the set of egquations +for the SUMT algorithm was
132 straight-forward. Limits had to be s=t for the feasible region both
75$: to insure realistic values and to prevent spending CP time on too wide
Lé a search, These formed the inequality constraints. The equality
‘ ﬁ constraints were based on standard relationships derived from the
"% rocket equation for propellant mass used out to orbit (Mp; 7> and return
{ﬁ: 45; Mp2 2. Also included are the relationship for input power ws thrust
:;s previously developad and a standard reiationship for the specific power
fﬂ of the solar power supply.

20 Figure & shows an initial formulation for the Ring-Cusp chruster
1;5 with 3-Grid ion optics. Limits on specific impulszse (X1) were 3589 to
:f- 109008 sec, Limits on power supply (saolar array) mass (X2) were 18 to
'i% 19088 Kg. Limits for both propellant masses (X3 out to GEO and KS
‘és return) were {0 to 18999 Kqg. Finaily, limits r input power (X4> to
é,z‘ the thruster were 9.5 to 20 KW. The specific g er equality (X2 vs X&)
T assumes no cabling resistance losses and ac:umes [.8 for FPU
;}. etticiency. Thruster efficiencies are inherent in the thruster
L relationship of input power (X4) wvs I3P (X1).

ig 5;? Figure 7 shows a program printout of the compieted formulation ftor
) :

A

'’

%
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a different thruster -- the Ring-Cusp 3-Grid Aenon Ion thruster. W1 th

the exception of input power, the constraints are the same. Line

number 31 of the orogram input is the new thruster relationship.

Figure 3 shows the final results printout for the <formuliation in
Fig.3, and is typical of the output format for the +inal solution to
the minimization problem, The final wvalue of F represants the
minimization of the objective function. Recall that thisz functiocn is
the total mass of the power supply (3 ¥ X2) - us the tatal propelilant
mass out to GEO and back (X3 + A3). The X walues are just the soiution
values of the X vector for the minimized function. Constraint walues
are the equality and inequality constraints solwved using the +final X

vector.,




VARIABLE DEF/NiTIONS :

xX() = Tsp = Specitic Impulse (ec)

X(@) = Mw = Mass P/ﬁwa'.ﬁc”‘/j/_x_r f‘_fx_:ﬁ_v(kg)

X(3) = Mp; = Mass of Popellant used na + 620 (&%)
X4 = W = Znput Fower per thruster (kw)

X(8) =Mps = Mass of Ropellart tsed for return Hip (Ks)

FOoRMuL 47700 :

0BT FcN,  Minmize: F = S¥X@) +X() +X(5)

CONSHANTS, SUET Ty: X(1) = 500
. X(1) <19000
x(2)z 10
X(2) = 19,000
X(3)Z o
X (3) = 10,000

x@; 201
X@ =20
X(5) = [0
X (5) = 19,000
X)) = 95/ 7896 X(%) + 72, 6053
X(2) = X@)/os2
X(9 = (looo+ 3% X(2)) *
(exf (533"/001:/*1((1))-1)
X(3) = (2000 + X*X(z))-rx(g)*
(e’? (s 2382/, 0092/ ¥ X() /)
SUMT TpuT EQUATIONS

08T Fenls YAL = PxX(2) +X() +x(s)

EXAMALE ConsmawT: VAL = X(1) —500.0

FPROBLEM FORMULATION FoR Sum7"
FIGURE 6. RING - CUSP 3-GRID XENON THRUSTER.
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N 3UMT Egquation Input - Ring Cusp, 1080 Kg
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b~ After Program Main:
(7 2908=C RESTRAINT PORTION
e 300= SUBROUTINE RESTNT (IN,VAL)
310= COMMON/SHARE/X( 1@8) ,DEL( 108> ,A( 108 ,108) ,N(5) ,
. 320= #MMN NP 1 NM L
D 330= IF (X(1) .LE. 1.8) X(1)=509.0
i 349= IF (IN) 19,182,209
< 350= 19 VAL= 3¥X(2)+ X(3 + X(D
¥ 350= RETURN
37e= 28 GO TO (21,22,23,24,25,25,27,28,29,30,31,32,33,34) ,IN
- 338= 21 VAL = X(1)-509.8
by 379= RETURM
Es 400= 22 VAL = 19000.9~ X(1)
N 419= RETURN
- 420= 23 VAL = X(2) - 10.0
’ 430= RETURN
Po 440= 24 VAL = 18900.9 - X(2)
o 450= RETURN
- 4560= 25 VAL = X(3 - 19.8
) 479= RETURN
: 488= 26 VAL = 10800.9 - X(3)
,. ) 479= RETURN
N ~ 500= 27 VAL = X(4) - 9.5
“ S19= RETURN
‘:ﬂ S20= 23 VAL = 20.9 - X(&
o 520= RETURN
s 549= 29 VAL = X(5) - 12.9
550= RETURN
‘ S40= 30 VAL = 19900.8 - X(5
o 579= RETURN
1; 380= 31 VAL = X(1) - ?51.7894¥X(4) - 72.8053
Wi 599= RETURN
- $89= 32 VAL = X(2) - (X(4/(8.852))
. 410= RETURN
‘s 420= 33 VAL = X(5) =~ (1009 + 9¥X(2))¥(EXP(5.3332-(9.08731Xx(12)) -1
= 430= RETURN
o $40=C PAYLOAD MASS [3: 1808KG
N 650= 34 UAL=X(3)-(2800.08+8%X(2) +X(5)) ¥(EXP(5,3382/(8.0809313X(13)) -1
bt 660= RETURN
- 670= END
A 430=%EOR
oo 698= $DATA N=5,M=10,MZ=4,
b 700= X=1976.2,38.442,972.437,2.9,457.538,
hee 710= NT(2)=1,NT(5)=2,NEXOP2=1 $END
a
l
b ™, A
IO
o
3 - 48-
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3UMT Final Qutput Values - Ring Cusp, 1089 kg

After the Last Iteration:

8930= % % X X X ¥ X X X % ¥ X % ¥ %

XX X X ¥ X X X XX %X % % X% ¥ ¥ X%

8948= FINAL VALUE OF F = 1.36117080 1E+33
8770=

3730=

8978= FINAL X VALUES

7880=

PO19= X( 1) =  3.879179%P4E+83 X( 2) =
4.7804%119E+02

P020= X( 4) = 3.79933887E+88 X( ) =
P838=

P040= FINAL CONSTRAINT WALUES

?850=

P040= G( 1) = 3.37717994E+83 G( 2) =
§.67112828E+81

P978= G{ 4 =  ?,72303872E+93 G( 5 =
9.52195038E+083

P030= G( 7) =  3,47933447E+80 G( &) =
2.57830631E+02

?890= G( 18) = ?,73214737E+83 G( 1) =
2.23737516E-07

?189= G( 13) = 5.74437742E-99 G( 14) =
7110=%¥EOR

?128=1 CSA  NJ3/BE LS&4E L5e4 CMRI
?130= 15.38.50.LWMHUM4 FROM ZHU

?140= 15.38.50.1P 090008329 WORDS - FILE INPUT

7.67112328E+91

2.67338831E+92

$.12032084E+03
4.563947117E+02
1.58885133E+91
~3.34734792E-2%
=~2.498184724E-93
1/81/33

. OC 84

?130= 15.38.56.LWM,T35,10186,CM180800.T330227 ,MADDOX

49 -
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[nitial analysis of Results

f;;? The 5 thruster technologies were input to SUMT one by one and
optimized against the NavStar GPS mission model. Figures ? and 16 show
a compilation of the results of these 35 runs.

The output of the runs is in terms of a minimized mass. Since
basic vehicle mass is not changing as greatly as power supply and
propellant mass, these are the only masses minimized by the objective
tfunction in initial runs. With the final X values, the transzfer times
must be calculated. A programmabie caiculator handied this task well,
and it should not be difficult for users to do the same or to write a
FORTRAN code for a larger machine. Examples of how this transfer time
was calculated appear in Figure 1i. Follow-on work may be able to
include the entire methodology in a single code which calls on 3UMT andg

QGERT as subroutines, thus eliminating the need for separate

calculations.
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GENERAL EQUAT/ION VAR/RBLES 2
= transfer
= MP (ké) —- MPVC' - ﬂﬂﬂc Isl’ T #/me (sec)
m (Kf)  8*T ;3*1' Mpy = Mass of
re at
= QMPI +M’M’P Number of f;‘a .h/' o
= ST Thrusters orbi
of
MF 2= Af:;:l/mf
v refurn
‘é = e.xlf‘lﬂ«if'
velicity
. - 7y fr4 MS*’ -
EXAMPLE : 908 kG Fapload, 3-Grid ot ¢ Top = Specific
Tmpnise
Z, = (MPI"'Mfz)_qcISP_ (X3+x5')5¢,(xl) T = Thrust
¥*T E*T 2 = Jr:::hﬁ/.
Next, obtuin thrust m = mass fhw
Frowi [inearised T=.03% (X‘I)-l- . 084 rate
fé/mf:hu"#,..—
= 2022785 MNewron- ”
e ruster
Now, wsivG Sumt o#Tim26d
X vALuEs Fae Mpy f Mpa:
> - (2497 + 455) (9.40)(2340)
v g # (.2022755)
— 7 - Ppun‘l‘fw' *
= 85078 Xi0o'sec = |214.2/ days| T ....f it
(549.7)(9.81)( 2340
Tour ?(.Lzm)f) ) . 20834 11075 = | 139.5 days
7rip Fme ot
7 GEo
~ _ (4s5)(4.81)(2340) ‘
Cretruen s D e X
Return emp

from GLO FolED

FIGURE Il

DETERMINING TRANIFER TIME
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Note that the transfer time calculations were made For ooint
designs. That is, when 3MT tfinished optimizing the EOTV for a  given
payload mass, the transfer time was calculated based on those final X
values., This 1is irrespective of the reduction in transfer ftime
possible with off-optimum power input and mass change. In all cases it
is possible to reduce these transter times by increasing the thrust or

the number of thrusters, even though the mass increases as 3 result  of

ui

using more power. This is illustrated in the sensitivity analysis
rFigure 12.

Reterring back, now, to Figures % and {8, it can bDe se2n fhat
transter times are out of reason for the Extended Pertormarice thruster
with simplified PPU and for the Argon thruster. The rsason is  that
minimum mass occurs at the lower 1imit of input power. wAs input power
is increased above this lower limit, mass of the power zugplY rises
rapidly just as for the other thrusters, buf the mass of the propellant
does not decrease, but increases slightly to offse the increasing
power supply mass. Thus, while a crossover point d4aoes occur  between
curves in the feasible region, the sum of the power supplvy mass  and
propellant mass increases monotonically throughout the feasible region.
Therefor=, the 3UMT program is correct in finding the minimum mass at
the lower Timit of input power, 2.8 KW, but the result is not wvery
useful when considered alone. In this case, the decision-maker must
specity a desired minimum transfer time and work back through the set
of equations to obtain the inout power and other parameters of the
EOQTV., Minimums within the limits of the f2asible reogion do oocur  for
the other three thrusters and the minimum mass and resulting X wvectors

are found by SUMT.
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Basep on 30-cm 3-GrRID /{? THRUSTER , /000 KG

FAVLORD For EoTV , & 7HRUSTERS,
SUMT
BELow BELow LD — UPPER.
OPTIMuM orTIAMUM OP;’;:L{J’_M f,‘,}',’:;- 4%;5
Xl-Isp| 233506 | 2342.42 | 2349.02 | 3599.23 | £332.32
X2-My | 71./5% 71,538 72.929 134.0/5 | 389.¢/5
X3-Mp| 875.05 S75.4/ P66.93 £29.6% | 397,49
X4-W | 3.700 3.720 3.792 7. 00 20.00 |
Xs-Mpp| 45553 | 454,50 452,20 | 37846 | 30/.3/
SO DA RAAGRAN R
by | 1902.7 | 190272 | 19025 | 208502 | 377572
THEUST - T
€ o | . 201837 | 202973 - _?_,‘_’fffi | .30¢ 3/a_r»,«_7203_g9 )
% o | 19407 | 193,77 | 19235 | 103.38 | ¢sizs
Retuoa
T o) | 74 80 7448 7425 | 2.4 | 4797
Kou
ree | 21997 | 218.45 | 20640 | 16587 | 11472
(DAYS)

MAN TDZA :

MNoTE: ABove ok BELow THE OF7immst 5 F (Comoumed MAs) TNAEASES,

As INUT LpwER InchEAsE, Tsp AND THR4sT INCREASE,
AND TRANSFER TIME S7EADILYy DECLLASES, NESPITE GELEATEL
MA3SS OF THE Pruwbe. Si/PLY,

2.

FIGURE

TRANSFER TIME SENSITIVITY
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- jl that 2ach category of thruster doess, in fact, reguire 3 different mix

of propellant ve power supply mass to deploy the same =2t of GRS

2 -

EEE satellites., A3 discussed in the previoqs paragraph, withour a tradestf
ﬁi ot power supply mass and propellant mass, both Argon and Extended
- Perfarmance thrusters have minimum mass values at the lower 1imits of
E%E inout power. Consequently, they have the smallest objective rfuncrion
%2? mass wvalues (F), respectively. The next lowest iz Baseline. foliowed
5 by Ring-Cusp 3-Grid Xenon and 3-Grid Hg. MWith its hignh thrust to oowsr
X

ratio, the Ring-Cusp 2-Grid Xenon has, by far, the snortest frio times.
In order to compare the 5 thrusfters at the same input power, tne jast

table in Figure 18 shows non-optimized calculations of each thruster

o ..'-

operating at 4.9 KW. Each is carrving a 2724 Kg payload represenfing 3

o
- ~oa . i
- GP5 satellites. Each has the same power supply mass. Each depiov
( e .
AL ) from a 299 KM Shuttie »rbit to GED and returns emptv. The 3 GF3
X
e satellites are assumed t2 be deployed in the same ordit plane with =acn
L satellite using its ACS/RCS to position itsel+ within tne orbit oOiane.
]
:f [Follow-on studies mav address the possibility of denloving to  other
e . . . o
A orbit planes using the EQOTY, as this seems quite feasible for £Fi. HS
"L
RSN
- the figure shows, the Ring-Cusp Xenon thruster ranks number 1 in
:fj shortest transfer time, and number 2 in least mass to accomplish the
- mission. its relative position regarding transfer time will hoid
ii across the spectrum of payload masses. Its relative position regarding
-_r
o minimized mass will trade, however, with at least one other thruster.
}2: The question arises, “given these outputs as summarized on Figures
.‘.
‘i; 7 and 18, how does the user pick an optimal EQTY configuration?’ If
j% {fu there were no clear cut choice, as there i3 in this preliminary s2t of
W
" - 56 -
)
;r
‘4’




. .. . . B P .
! runs, a minimum mass within an acceptable transfer time woulad pe

[

O RO chasen. For instance, say 3 GP5 sat2liites form the pavioad for which

("4 . P .

f:j an optimim EQTV is desired. Dptimized +inal masses (F) for  each
f&’ category thruster are: Baseline, 1653 Kg; 3-Grid, 2342 Kg; Extd Perf.,

.i:E 16205 Argqon, 1884 Kg; and Ring-Cusp, 1817, These represent combined

;ii power supply and propellant masses for the optimized EOTVW. In the same
N

S&I order, round-trip transfer times are 37@, 234, 434, 1838, and (33 davs,
RS

,Eﬁ I+ the acceptable transfer time cut-off is 388 days, then 2 <choices

?\{ remain: 3-grid Hg and Ring-Cusp Xe. Between these, Ring-Cusp uses

.jg? less mass. Thus, the final choice for an optimized EOTY f2 do  the
:25 mission i3 a Ring-cusp 3-Grid Xenon lon Thruster Jdriven at 4,312 KW
:ﬂﬂ with a solar array unit of 748,295 Kg and using $41.53 Kg of propeliant
i;i out to GEO and 237.47 Kg of propeliant for the return empty,

ikf In this case, the choic2 was obvious because Ring-Cusp accomplishes

O

o - the same mission with significantly lass transfer time and with less
o
g propellant and power supply mass. This might not be true +or other
b
i choices of electric thruster technologies which a user might wizh to
)
A evaluyate., Hence the need for =xamining both mass and transfer time in
o~
b
,:; the methodologqy.,
w
™, The third rese2arch question posed in Chapter 3 was, “Do2z one
S
N thruster technology clearly outpertorm all others +for each mission?"
.\1._
Qﬁ: It appears that the Ring-Cusp design i3 a clear winner, This 1is
O consistent with the fact that it is currently being 1nvestigated as a
s significant improvement to the baseline 38-cm ion thruster.  Given
°{}J these initial results, the +irst 3 research questions have been
g answered and the first three objectives of the theszis have ncow been
’ .
- S met.
2, e,
‘s ’: ey
24
o)
®o N
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CHAPTER V. Flv~-0+f Using QGERT Simulations

Conceptual Model

The following discussion and diagram, Figure 13, of the general
conceptual model are to assist in understanding the four QGERT
networks, These networks model the four vehicles, EOTV, RBPV, [U3, and
CENTAUR, for the "fly-of+."

Graphical Evaiuvation and Review Technique (GERT) with GQueueing
system capability (@, or QGERT, is a modularized znd easy to
formuiate simulation ianguage (37). Follow-on users should find QGERT
easy to modify and work with when changing the models. As mentioned
before in Chapter 3, the strength of the simulation is the capability
to introduce uncertainty. Also, the capability to wvary inputs to
determine long term (length of the simulation) effects is a strength.

In order to show the rationale for each model and the general
construction, refer to Figure 14. This general concept applies to aili
tour networks. The Shuttle turn-around and payload integration time
are2 external to the system modeied, but do impact the 3Shuttle launch
rate. The model begins with the arrival of each Shuttle in LEQ
carrying one or more payloads. The next module, payload manifest, is
the mission model. This has been determined previously by the user.
For the runs  made by this author, payloads were chosen
probabilistically by category, realizing that not all payloads needed
transporting to higher orbit. The next module represents picking an
available OTV and docking prior to transfer, This module does not

apply to expendable upper stages (IUS and CENTAUR). The orbit transfer

- 58.
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B
I
Lo
Léi- is the next module and is represented primarily Dby the time delay
‘:3 fﬁ:, required for the operation. MNext is the arrival at GEQ where 0TUs
Q:_ separate and return via the 0TV return module to a queue in LEO.
i;: Statistics are collected on the payloads delivered to GEQ and this
i;; mission is complete. The process then continues with the arrival of
= the next Shuttle and cargo. With this general conceptual model in
3;? mind, understanding the individualized networks which follow should be
%g easier.
\.*. Since it is an important input assumption, the mission model
24; applied to each of the four vehicles will be briefiy discussed. For
::',': the initi1al runs, a mission model was devised which used the masses for
GPS (Chapter 4) but accounted for the fact that not all paylioads will
:g: be candidates for orbit transfer using 0TUs or [US or CENTAUR. Based

on numerous mission model projections +from the literature, the

:}ﬁ - following assumptions are made:

:;% i. &5/ of the missions brought to LEO wiil not be candidates for

e

%ﬁh using the fly-off vehicles. Reasons include: payload is to remain in
1 LEQ, Spacelab sortie, PAM is being used.

fg 2. 194 of the missions brought to LEO aboard Shuttie carry some

éii other LEO payload and one GPS (983 KG) or a similar mass satellite

i;i needing transport to GEO.

Egﬁ 3. 204 of the missions are in the mass category of 3 GPS

: satellites (2724 KG) or 4808 lbs.(pushing IUS limits).

.{é 4. 5% of the missions are heavy, in the category of & GPSs (5443

;’E KG), which pushes the limit on an updated CENTAUR,

2& Again, the user i3 free to use another appropriate mission model,

- e but this one had the nice teature of "dual representation.” That i3,

......




3 while GP3 numbers are used 30 that results can be ewaluated +or this

system, the mass categories can also represent other satellites just as

(: i easily. Examples within the %988 KG range: Landsat, HMNimbus, 2 or 3
< GOES, Comstar, RCA Satcom, Galaxy, DSC53, DMSP, and 3DS. Examples

PAARAD

‘ll‘ .
. .
.

o

- within the 2724 Kg range: Newer FltSatCom, TDRSS, ERBS, and

.
¥ P
ala"a"a" s

combinations or multiple satellites in the 988 Kg category. The 5443

. A.Il
A

'v’l-

Kg category might include MILSTAR and multiples of the 7?88 or 2724 Kq

—,.
ERP A4
0'.:I‘A'.ﬂ

groups. Limitations on the IUS and CENTAUR are one payload and upper

-

stage per launch, currently., Given the masses inveolved with CENTAUR

and potential payloads, this should remain a good assumption,

PR

Integration that must take place on the ground and the mass of the [U3

IS
W

e
L8

also make it likely that no other transportable payloads would also be

.
SR TE IR
e
LI

Xl

aboard. More will be said about how each vehicle handles the payload

as individual networ¥s are discussed.
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Electric OQTV MNetwork

Figure 14 shows the QGERT network for the EOTV. The Shuttie
arrival rate is normally aqistributed about 20.27 days tor 13 1launches
per year. The standard deviation of this arrival rate was chosen as 18
days to introduce more variability. This wili 1ikely be true for
Shuttle launches well into the future, given the large number of
variables during turn-around. No delay exists between arrival node !
and payload determination node 4. As stated previously, &5/ of the
payloads are not candidates for OTWs/IUS/CENTAUR and go to node 29,
where the number of sorties is counted. Then 194, 284, and 54 go to
nodes S, 4 and 7, respectively. At this point, the payload has been
selected. 1ts mass is assigned in the appropriate node. This mass is
later used to determine the appropriate transfer time in the QGERT User
Function (UF). Node 5 is the payload scenario where one GPS or similar
‘ mass satellite is to be transported to GEO and the remaining cargo bay
space is used for LED satellites, experiment packages, and the like.
The 2724 Kg node in the EQTV case can represent actuaily two 2724

satellites or 4 satellites (this is not possible with IUS and CENTAUR

&
a'-"'
D)

FEZZ due to space and mass limitations mentioned previously.) Thus, two
2;2§ activity branches join nodes é and 1@. Node 18 1is the queue for
'iéii satellites ready to dock with EOTVs. One day delay is built into the
'Siﬁf model here for this operation. It is intended that Shuttle and crew be

e
:fi: présent for monitoring and assistance during docking. Node 11 1is the
;;;5 assembly node wich selects a payload and an EOTV from respective queues
ﬁ::j and begins the transfer. At this point the GGERT program calls UF |
-3; and assigns the appropriate transfer time to this activity, Transter
;tas ii} time has already been calculated for each respective pavicad and is
%

SN - 62 -




{

ﬁ{f input in number of days to the UF as variable Ti. Arrival at B3EQ 13
iﬁ A signitied by node 12 and apropriate statistics are coilected by nodes
! ~'

(1 13, 14, 18, 19. Node 13 is the return path tor the EQOTV. UF 2 1z the
.\'

§§ return transfer time, also previously determined and input to UF as TZ.
\

x: Besides the uncertainty modeled in the Shuttie arrival rate and the
' payload manifest, uncertainty is also included as a reliability figure
~

& for the EOTV. The tigure assumed, .%78, arises from the parallel

L

:ﬂ redundancy o+ the 8 thrusters and associated PPUs. Retiability for

E§ parallel components is given by:

o o . .n o

N Rel(Ry = 1 = (1 - R (4)

AN

b~

:} Rel (R} is the reliability of the parallel system, R is the reiliability

P

™ of the individual, identical components, and n 15 tne number of

‘,, ‘-; identical components. Considering .Just the 8-thruster, 4-BIMOD subunit
A

4ﬁ alone, this would allow a reliability as low as .43 for each
]

l- .l

N thruster-PPU combination, if the subunit were to be .7% overall.
N However, operation on only one thruster prevents total mission failure,

Y

N since the vehicle couid eventually limp back to LEO. But this would be
\

?g: far from desirable, as is the intent of equation 4. Also, the

‘.2 interface modulie and avionics, power supply, and housekeeping
o . .

::j functions/subunits are in series with the BIMODs, so that this thruster
N

;3 redundancy is mitigated.

W

N The EOTV thruster technology chosen for the initial runs waz the
&

v'.‘\

:: optimum picked from 3UMT results: the Ring-Cusp 3-Grid Ion thruster
- N

o,

;i operating on Xenon. The optimum wvehicle configuration was for the

A $S§ worst case payload, 5448 Kg. Choosing the vehicle optimized for the
*I

Ny

7
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heaviest payload means that lighter payloads will be delivered faster

than if vehicle mass had been optimized +for that lignter pavioad.
Having chosen the optimum vehicle to use for the Ffly-of+, transfer
times were calculated for each payload and the return. For the
respective payload masses, the transfer times input to the UF Fortran
[F Statement were 71.4, 114.4, and 1738.3 days. The return time
calculated was 45.8 days. This, of course, does not wvary between
payloads since each vehicle always operates at a constant maximum
thrust. Solar occultation and Van wAllen degradation have not been
modeled in these initial runs. Propellant is assumed to be carried
aboard each Shuttle +flight which bears payloads requiring EOTV
services. Propeliant tanks are assumed to be modularized to the extent
that they can be exchanged via the Shuttie manipuiator arm or with EUA.

Another input assumption is that one Shuttle launch is required for
each EOTY to deploy the optimum 11 wvehicle +leet. More will be
discussed about the optimum +ileet in the results section of this

chapter. Input card listings are found in Appendix IV for each vehicle

model (GGERT network) .
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RBPY Network

Characteristics of the RBPY nhave been determined primarily +rom a

Boeing study (13) and from a Systems Engineering study (4%, with some

':j: input from other references. A table of component masses and more
NN
SN
S8 detail as to this chemical 0TV will be found in Appendix I. Generally,
it is to be a reuseable derivative of the Centaur using upgraded RL-18@
;k} engines.
bo- Important to this network is the determination that, without
~ aerooraking, this RBPV must have 2 Shuttle missions dedicated to
N
:ié bringing up fuel each time a 2724 or 5443 payload is to be transported
:’: to GEJ. Ewven the 988 Kg mission required an additionai 3huttle ~fiight
ad . . .
:{3 with fuel, which is why the assumption is made that the RBPV would not
‘.'.
jbﬂ even be used for such a mission. This i3 one inflexibiiity that has
N
- been accounted tor when comparing against the other 3 wehicles.
LY ! ;
N - Referring now to Figure 15, the network is similar to the EGTV in
Xy
ARy
oo that the transfer and return portions are essentially the same.
e
o
N However, the payload module or mission model portion of the network
;¢ must account for the extra Shuttie missions lost to refueling. This
3
. has been modeled by nodes 21 and 22. They represent 3huttle |aunches
carrying a specialized refueling pallet with pumps, valving and tanks
;\iu of LOX and LH. Mission specialist astronauts who are qualified for the
‘-:.‘-
3{ touchy refueling mission must also be aboard. Both nodes 280 and 3 ao
Ly not utilize the RBPVY, so connecting activities from 5 and 29 back to
'yg node | only complete the required QGERT arrival scenario.
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[US Network
In discussions with personnel in the [IUS program, it seems clear

that only one combination of payload and mated IUS may +fly aboard a

RN
;i; given Shuttlie mission. Thus, as seen in Figure 1§, the two paylcads
= which can be handied by [US, 788 and 2724 Kg., are taken just one at a
. time by a single mated [US. Recall that the EQTV model permitted two
"
':33 2724 Kg payloads aboard the node &6 mission. IUS is stretched at
ﬁa present to transfer 2724 Kg., or 4068+ ibs., But it 1is assumed that
H‘ this category of satellite could be handled, even if not the full 2724
.
4253 Kg. The 5443 mission 13 beyond the capability of the IUS as presently
'5 operated. A major network difference from the 0TV may be noted. There
;: 13 no return node since the [U5S is expendable. The IUS reliability is
;ég assumed to be .945 and node 14 serves as a collection node for those
Tit which fail in the 20-year simulation. Characteristic of the high
‘Nj 653 thrust chemical Hohmann transfer, the time to GE0 is about 172 day and
ei is not signiticant when compared to the large ftranstsr times with EOQTY.
’:3 The remainder of the network i3 1iKe the previous ones -- le.,
gﬂ primarily for statistics collection.
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CENTAUR-5 MNetwork

RS The CENTAUR-G (CNTAR) network is gquite similar ts the [uZ network
in arrival rate, lack of return module, and a transfer time of .3 dav.
{See Figure 17.) The major difterence iz that the CNTAR wouid not
likely be mated to as small a sateilite as the 783 Kg. mission. Thus,
it is assumed CNTAR’S targe size is a point of inflexibility when
rigidly keeping the same mission set tor =ach of the +flyoff wehicles.
It is also stretching the current published CNTAR capability <(11) of
18,099 lbs. to have it deliver 5448 Kg. to GEO. But it is assumea for
these initial runs that the RL-18 engines and the wehicle wili

incorporate design uparades by 17789. Reliapility is modeled as 733,

Fly=-204f Resuyltzs Summary

-

e Y

- Determining the optimal fleet size for the EOTY and RBPY was the
tirst task in using the output from initial runs. Refer to Figure 13
and note that the +leet size for EOTY was varied from 3 to 8. as the
number of parallel servers (EOTVs) approached 11, the average number of
satellites waiting in LEDQ (in 5ATQ, node 19) for transfer arcopped to
.A278. The average waiting time in the gqueue dropped to 1.8037 davs.
A3 more servers (EQTVs3) are added above 1, these waiues go to 8 and no
sata2llites ever wait for fransfer -- an EOTV iz  always readv in the
0TYd, node ?. Below 11 servers, the wait time and number waiting
begins to rise exponentially. Thus, while (8 servers might be
arceptable, the sensitivity 15 too great and the wait time ciimbs
~ap1div 1If one vehicla fails, Thus the optimum number of EJTV:z for the

~=t rhat empties the sateilite ausue was 1.

..’70 -




- A

v,

o

o
.\.»

MYOMLIN L3O — 0 - : )

¥ IN 90 — 73q0W D -INVINTD 1l 3dN9Il4 ;

w/Z122 14 y
079

bl z.wm.c “ . ...x
_ (savor4v.) o

) 73q01 :

P

p ywg |0 NOISSIW s
awnd |0 .
SNy .

2 YVINS v ” 7
i oy AL sl 037 LY ;

al I ; ! - TVAIXIY 4
@ g @ 2, — !
> ) v p FTLINHS 5

LT . 2 ?QN_S_\ 7 N 7

< 1 E — @ ~ v — E ~ — -.
i ey U4 —)e—- |, ¥ ] ! , [
03211/ (5799 0/ ss ! . ! 0 .
g f-,
! > [05 _<_ >0 0 o
st] 9 — s > i LA . Y
! * Va!ih“ wﬁw “\Wnuunw!ﬂﬂhv 9 A T «Q).\ .(..

- e TRl a.

Ak ! iy
5

(rvome3y 15390) y

T390l SVIND ..

- ’

>

)

o

o

% ., >

s \-.. E.. .,cl-ﬂu -l
A.l
o

R A R TR B B A B




, P

LEGEND
AVE # OF AVE TIME (pAYs)
PAYLOADS (P/LS) | EACH P/ wAsTS
WAITING IN Gueus| /N LEo (Guece)
EoTV| &—A o0
RBPY| (3 o—0
DISCONTINUONS

F/L. AVE
::ixs WAITING TIME
N Quche (DAYS) IN Quese
400 4
5-L 350
3004
250
41 |
200 -
1504
37
100
75 4
5o
25 4
I 2
2 ;\r
gt
74
‘ -
[ $
4 -
3
'd
0L o

[opPTimum
3 (FLZET)
lLor RBFPVSs

9 10 N

4

FoR |NNGR S

Expanded Time Scale.
(# days watf-/n Q)

orv
OP}'IM“ M) FLEET
W (FLRET, Ky
OF EO0TVs /2L

FIGURE 18.

OPTIMUM FLEET SIZE

- 72 -




.
v
.

A A Ayt

v
L

AP RAA] 1

(]
L Ay

%

Y
S
e

3, A0,

ey

LA

Again, referring to Figure 18, it is noted that the RBPY curve for
average number of days wait in the queue for transfer 13 very steep.
Thus, while 3 servers (RBPVs) would be acceptable, the sensitivity 13
too great. That is, it one RBPV fails, the queue builds very rapidly.
In fact, since transfer time is not a factor for this chemical system,
the reliability figure is the main driver in setting the number of
RBPVs for the fleet. I+ replacement were part of the model, this
optimum number of & could be reduced. Having determined the optimum

fleet sizes of 11 and 6 for EOTV and RBPV, respectively, resegarch

question #6 has been answered and research objective #6 has been met.

Table 3 summarizes the results and output analysis of the initial
set of runs. Approximately 48 runs were made to determine optimum
fleet sizes. But after that determination is made, oniy one run for
each of the 4 vehicles i3 needed. Each QGERT run simulates Z8 years of
operating the fleet and also repeats the 20 vear simuiation 58 times to
average the effects of uncertainty and randomness. The number of
repititions required had been determined for a previous study using
similar models, It should be emphasized that the resuits were based
on given initial input assumptions. These assumptions wers expliained
previously in the vehicle network discussions. It should also be made
clear that the results are somewhat sensitive to the input assumptions,
particutarly the payload mission model assumptions., For instance, if
more satellites were assumed to require use of transfer wvehicles, the
total number of deliveries would go up and more EOTVUs would be
required, though perhaps not a commensurate increase in RBPVs, I+ a

wider variety of satellites were modeled rather than using the “"dual

- 73 -




IV NNE" SRR

AL A

ALS LAY

P g

|

~ WO

-ia‘_c'. )—l .-'..

'J..' :
.

FROM Qurputs OF GGEET Puwns

TOTAL # OF SHHTTLE
LAUNCHES IN 20 YEALS,

(AvE [2yes for 50 Reps)
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AVE # oF sarsLTES
MADE AYAIL ARLE Re. XFER

AVE # OF sareure-Pls
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MAX 1 Mam POTENTIAL SHUTTLE
LANNCHES SAVED IE EOTY:
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TUS |CNTAR| EOTY | RBPY
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126 126 12¢ 84
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/26 /26 198 /08
/0§ 5§ /93 108
He g et
222, #40K6| 238,744 | 14,204 | 324,830
Modulor Teke
carried wyf
—_— — 120
P e dpiced
— — // 6
67 24 — /39
/. 11.5%
7 3%1 z/y.e. — 41
Due MOff/.};
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QGERT ‘FLYOFF” RESULTS SUMMARY
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representation” or representative mass assumption, then, again, more
EQOTVs would be required and perhaps the fact that IUS, CNTAR, and RBFV
cannot be used for the whole spectrum of masses would bDe less
noticable. That is, the gap in sateliites delivered by EOTY and the
other vehicles would be narrowed.

Table 3 indicates that each vehicle had the same average number of
Shuttle launches available to the model. A percentage of those
launches carried payloads which required transport to GEO. The awverage
requiring transport was 125. 0One exception is RBPV which nad fewer
payload-bearing missions due to the requirement for dedicated refueling
missions. Recall from the RBPV discussion that a full fuel load couid
not be carried in one Shuttle flight for either the 2724 or the 5443
missions. These two separate Shuttle launches for refueling each RBFY
transfer operation significantiy reduces the number of sateilites
e—\“ brought to LEO.

Next, note the number of satellites delivered to GEJ by =2ach
vehicle in 28 vyears. This 1is an average number of satellites
delivered, since it varies for any given 28-year simulation <(based on
the current random number stream). The reason fewer are delivered than
are made available results +rom vehicle/payioad incompatibilities and
from vehicle failures. It can be seen, however, that both OTVz }aunch
more satellites than seemingly are available. This is because node ¢
represents one 2724 Kg load for the IUS and CENTAUR, as these must be
launched together with the payload. But this payload bay space can
used for another satellite or for 3 GPSs if reuseable 0QTUs are

utilized. Thus, node & represents actually two times 2724 for both

<> 0TVs. Since it is more practical to launch a larger mass with the
YN
tw
"~
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oo RBPY, both 2724 pavlioads are assumed to be <carriegd on one wvehicle,
o
{l- e eliminating the need for retfueling two RBPUs. This must b2 accountad
. :.—y

P ¢

for by the user in the analysis since the model does not handle this

Egi necessary quirk in the RBPY formulation. #Again, the largest difference
i

;ﬁ in average number of sateilites delivered stems from input assumptions
A‘. that IUS, CNTAR, and RBPV have limitations as to the payload category
’Eﬁ which each can handle, either by design limitation, or by practicality
-Es limitation. Example of the latter is using CNTAR or RBPVU for s3mall
! payloads in the 988 range. Number of satelliites / payloads does not
‘é give a complete picture of capability, since some pavionads are much
@? heavier. Therefore, the next entry in Table 3 is the total mass in KG
» ~ of all payloads delivered in the 28-year period, averaged for 358
23 repititions of the simulation. Now, CNTAR outranks IUS as would be
'f? expected. But EOTV still has the lead.

{\} 4!) Launches to refuel the RBPV definitely reduce the capability to
.3? deliver as many satellites to orbit. The EOTV requires typicaily [0@9
fs; Kg. of propeilant or less. Thig is carried on the same flight as the
(A payload in a moduiar tank assembly. The spent tank assembly is
;:; returned to earth for filling.

jé EOTV can be seen to offer potential reductions in Shuttie launches
;:i after accounting for the initial 11 launches to place the EQTV fleet in
E; LEO. Also, it potentially can deliver more satellites to OGEDO in a
ij 20-year period than the other vehicles. Research questions #4 and #é
el have been answered, and objectives #4 and #35 have been met.
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1.
N Assigning Life-Cycle Costs
‘-"—-‘
ﬁ“}' The assignment of Life-Cycle Costs (LCCs) to each of the wehicles
SN being compared is not an easy nor straight-forward task. [t is made
-.\-._
AN . . . . .
f:“~ more ditficult in that such information i3 well guarded by contractors.
v
o' Often it is just as sensitive with MNASA and DOD. 3Some of the telsphone
£}
z, conversations on the subject can not be referenced. But, this 1is
‘giﬁ perhaps as it should be when considering the leqal aspects of
n_'h::(
h{-{ contracting and when considering the sensitivity of program survival %o
24
S costs.
Ry
\.l: ~
:Ag Good data was available in the literature, however, and forms the
3%
iy -primary source for costing the models. 3Some studies normalized costs
o ’
1
"&A . and performed sensitivity analyses to determine cost effective
o
P
s (‘ e
ﬁ:; directions for technology development. But, the intent here is not to
) . . . -
e again seek optimums, but to attach a wvery rough estimate of LCCs and
‘f:\ compare totals for each vehicle,
>
Xt Table 4 contains the life-cycle cost summary for the four wvehicles.
SN,
’ \'i - ” .
Lt [IUS and CENTAUR cost fiqures were based on several telephone
:il“ conversations (not referenced by request) and on several literature
'E'ﬁ 30Urces. Both RBPV and EOTV were2 based on information +rom a
.:-’ ':1
—] combination of several references. The EOTV used for cost estimating
:;ﬁ was the optimized EQTV modeled in the QGERT flyoff. The summary table
’
A\
o
A”f; i3 fairly self-explanatory. Yehicle costs were +igured andsor
-~
5\ . .
et amortized over 280 years such that the per-vehicle cost «could be
=
AL, . . . . , . . - L.
e 3 multiplied by the number of vehicles required during the flyoff. The
oo I
£
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TABLE 4.
LiFre Cyeie Cosr Summary (1983 Millius #)
ZUS | Ceviaur| Eorv | RBPY
VEHICLE CosT # -4 4 g,
W AamerrreATions 83.0 30.0 .21 #%.95
SHUTTLE PAYLIAD
INTECRATIN COSTS /.0 /3.8 2,0 /2.0
To7TAL CO5T PEe
VERiciE LAvNRED §40 /3.8 9321 | 5475 |
" : ;
FRoM QELERT RESHLS : i
# Veyrces Requres> /05 54 /2 7 |
L . N
mpeiues | — | — | | e
& LAUNCHFS
# %’”L’;'}wcu Dareons | 105 58 /26 54
TRIP TIME PENALTY — - *37 hove |  —
7 SHUTTLE LA WNCKES Fog s
REFHELING (20y13) S —_— wet W PI /20
PROPELLANT COSTS (20yns) | ZINcCL., Inee, 128.97 /08,0
ADDITIoNAL SND oPée—
arows oirs gy | — | — | As/ve | #3/re
ToraL, e Lec ’2/, oo f/fuz,«/ f/Z oot ’.26,’ §40,7
LN JCEAT RESaLYS!
KG of MAss DEcrvmed
70 8o 1w 20vemes | 222,40 | 288744 51,204 | 326, 8%
FICURE gF MetrT~
FOR ComrPAlIsoN ¢
)/ 4 g
M L% G 094399 Hﬁmz o322z || [ore 30
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iti rnumber 2f Shuttle launches was determined by QGERT for =ach  vehicle | |
E;E N mission set combination. Jther operational cost:z were tigured,
‘-* N particulariy for the reuseable systems, and a total, 28-vear LCC was
Y-
2N determined. This LCC is divided by the total Kgs. of payload mass
52? delivered to orbit in 28 vears (from GQGERT) to obtain a ratio of
_(; dollars per Kg delivered to GEO. This cost to benefit ratioc is the
{;z basis for comparing each vehicle over the life cycle. Based on this
%
:ii: analysis the ranking was: EOTY, CNTAR, RBPY, and [US.
'
3
;E: New Missions and Enhancements
ff; New missions and enhancements have been suggestad by the results of
ﬁyg both the SUMT and QGERT analyses. Because this anaiysis shows a
j‘ﬁ detinite cabability to do orbit transfer, other missions i1nvolving more
{{n, g;; and tess mass were examined with SUMT. Results appear in Tables I - %.
ggg The first mi1ssion investiqQated was the Large 3pace Structure (LES5)
;:i component transfer from LEO to GEO. Two masses were chosen approaching
ﬁa the limit of one Shuttie load, (Tables 35 and &), The first L35
_i& payload mass of 20,000 Kg. required an optimized EOTY with higher
’5: specific impulse than previous payloads, as expected. The transfer
;g, time out to GEJ is nominal, 213 days, and the return 15 quite fast for
';i EP, 48 days, since 24 thrusters are driving a lignht lnad. The second
oo
;;2 payload mass, 29,430 Kg., also continued the trend, requiring vyet
;‘ié higher specific impulse. It had reasonable transfer times of 223 days
:gz; out and 47.7 days back to LED for a round trip of approximately 275.7
3‘ days.
:3 ;}: For lighter missions, a roving intelligence gathering vehicie with
by -
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L33 2, 29,849 KG Pavload, 24 Ring-Cusp XE Thrusters,
‘ 12 BIMODs
10150= % % % % % ¥ % % X X % % ¥ ¥ ¥ % X ¥ ¥ ¥ ¥ X ¥ $ £ £ X ¥ ¥ % % %
3  EEEEEEEEEEEEIEEEEE
Nl 18138= FINAL VALUE OF F =  $.24333310E+03
10170=
- 19 180=
7] 18199= FINAL X UALUES
A 19289=
e 10218= X( 1) = $.05435577E+83 X( 2) =  1.21872537E+82 X 3 =
2 2.73374176E+83
. 18220= X{ 4) = 4.29577213E+88 X( 5) =  5.83998252E+82 X(
A 192308=
o 18248= FINAL CONSTRAINT VALUES
-t 10250=
A8 10258= G( 1) = 5.56485577E+83 G( 2) = 3.73514423E+03 5( 3 =
ol 1.11072537E+92 i
) ) 18279= G( 4) = 9.87872746E+83 G( 5) =  2,72374195E+83 G( &) =
g - 7.26525804E+83
e 10230= G( 7) = 5.79577214E+88 GC( 3 =  1.,27042278E+31 O( ) =
o~ 5.78908253E+082
P 10298= G( 18) = 9.3910997SE+83 G( 11) =  1.33033809E-97 G 12 =
Y -4,57452325E-046
: 18388= G( 13) = -8,73939048E-87 G( 14) = =-5.738521574E-85 5¢
] 10319=XEOR
L
o)
.
w
) TO GEO = 213.3%9 DAYS
Lo RETURN = 48,44 DAYS
.:\:
. ROUND
D TRIP = 267.83 DAYS
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LSS 3, 27.480 KG Payload, 32 Ring-fusp XE Thrusters,
16 BIMODs
- 10300= ¥ % ¥ ¥ X ¥ ¥ % ¥ ¥ ¥ £ ¥ ¥ X X K ¥ ¥ X X R K KN R R E K B R FX
% X X X X X X KX F K EEXEEKE¥
¥ 18318= FIMAL VALUE OF F =  8.41482334E+03
18328=
T 19330=
- 18340= FINAL X VALUES
2 19350=
F 18368= X( 1) =  §,28033855E+93 X( ) =  1,25437271E+BZ K( 3 =
25 3.80555340E+63
R 18370= X( 4 =  $.522739211E+88 X( S) = 7.9$482131E+82 X(
Q 19339=
® 19390= FINAL CONSTRAINT VALUES
- 18480=
i 18410= ©G¢ 1) = 5,7303385SE+83 G( 2) = 3.71711945E+83 G&( 3 =
- 1.15437271E+82
. o 10428= G( 4> =  9.37456271E+83 GC( 3 =  3,79555399E+83 5( &) =
: b 6.19444550E+83
- 18438= G( 7) = 4,82273711E+8@ G( 2) =  1.34772587E+81 G( 9 =
0 7.36482131E+02
£t 18449= G( 10) =  9,20351737E+83 G( 1) = 1,58802217E-89 GC 12) =
k) 1.71094417E-07
194506= G( 13) = =-3,55357770E-88 G( 14) = -2,.9335784FE-87 G
», 18460=%EOR
.‘-.l
"\
o
N,
i TO GEO = 223.81 DAYS
- RETURN = 47,72 DAYS
"
o ROUND
0 TRIP = 275.73 DAYS
s
W
W
A
A
@
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-2 Rover Yehicle, 3 Ring-Cusp XE Thrusters,
' Interchangeable Sensors, 588 K

; P220= X ¥ ¥ X ¥ ¥ X X ¥ X X ¥ ¥ ¥ K £ X £ % R £ ¥ F KX KKK KK X K%
;. XX K XX XX XK EEEEXEAX KA

g 9230= FINAL YALUE OF F =  1.37441357E+983
) 9249=

> 9250=
- 9288= FINAL X UVALUES
= 9270=

:? 9230= X({ 1) =  3.95783999E+93 X( 20 =  7.34975842E+91 K( 3 =
" 4,31332023€E+92

N $299= X( @ = J.03187334E+80 X( Sy = 3.45321952E+92  K(

. ?390=

- ?319= FINAL CONSTRAINT WALUES

v 7320=

o 9330= G6( 1) = 3.45743998E+93 G¢ 2) =  $.84231916E+93 G( I =
N . 6.34975842€+81
( . 93d40= B( 4) =  9.92158244E+93 G( F) =  3.71332023E+32 G( & =
Q g0 ?.593467793E+83
:f ?359= G6( 7 = 3.953187334E+990 G( 3) = 1.S7131287E+81 G( 9 =

3.25391852E+02

?348= G( 18) =  7.55447875E+83 G{ 1D
-4,79921764E-83

?378= G( 1) = -5.85957949E-88 G( 14
% 9388=%EOR

-2.51734474E-18  G{ 12) =

-3.96412572E-88 i5¢

1 R R Y "
" rXaant

TO GED ?4.14 DAYS

RETURN 32.72 DAYS

(ACSPALRFAEAEND -

ROUND
TRIP

178.86 DAYS
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Rowver VYehicle,

3 Ring-icusp XE Thrustars,

Interchangeable Sensors, S48 KG

P228= % X X X ¥ X £ X £ £ X £ ¥ X % £ x X % ¥ X X % R £ £ %X % £ X & %
X% % X X XXX R XXEXREXKRZ

9238= FINAL VALUE OF F = 1.37451357E+43

?240=

?258=

?288=  FINAL X "'ALUES

9278=

P280= XK( L =
4,81332823E+32

2.75783798E+83  X(

187334E+88  X¢ D)

3.457339%9E+83 G¢ 2 =

9.721C8244E+83 G( D) =

) = 7.34775542E+9 ]

[N

2.4538 1952E+82

6.942319 19E+93

L= K( 4y = 4.93

?380=

?2218= FINAL CONSTRAINT WALUES
?320=

?339= 06¢( D =

6.347735842E+8 1

93489= G( 4 =

7.592846773E+83

?358= GC 7 =
3.35301952E+62

3.393137334E+88 GC 7 = 1.57131287E+9

?346= G( 18) =  9,554473935E+93 GC 1) = -2.81734474E-19
-4.77921764€E-03

F370= G( 13) = -6.85%37948E-88 G( 14) = -3,95412572E-93
F339=#EOR

TO GED = ?24.14 DAYS

RETURN = 32.72 DAYS

ROUND

TRIP = 178.88 DAYS
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TABLE 3

Repajr/Refurbish Vehicle, 8 Ring-Cusp XE Thrusters,
Interchangeable Repair Modules, 1888 KG

[~y
b33, PSSB= X X K K K X XK KK XXX XK XXX KX KKK XXX X % % % X X X
oW XXX EX KX KX XK XX XXX X%
> 9560= FINAL VALUE OF F =  1.53783934E+03
. 9570=
224 9530=
Rk 9598= FINAL X VALUES
%R 9680=
RN 9418= X( 1) = 4.44852564E+83 X( 2) = 3.88189255E+81 X( B =
» 4.41148314E+82
s 9620= X( 4) = 4.461858412E+88 X( 5) = 3.86139445E+02 X(
R 9430=
R 9648= FINAL CONSTRAINT UALUES
%30 9650=
TN 9468= G( 1) = 3.94852544E+83 G( 2) = 5.53147436E+03 G( I =
i 7.89189255E+01
- 2 9678= G( 4 = 9.91118187E+83 G( % = 4.31148314E+82 G( & =
i ’ 9.55885149E+03
s 9480= G( 7) = 4.11898412E+88 GC 8 =  1.53814159E+81 G( 9 =
i 3.76139645E+82
i 9690= G( 18) = 9.61386035E+83 G( 11) =  4,33647074E-09 G( 12) =
i 6.46648711E-98
- 9700= G( 13) = -1.62508513E-88 G( 14) = -2,47455318E-98 G(
1 9718=%EOR
it
g TO GEO = 105.49 DAYS
ik
RAY: RETURN = 92.51 DAYS
4 ,,!g(
S ROUND
- TRIP = 198.21 DAYS
o
Lo "!
RS
)
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TABLE 9

Free Rover KG Payl Ring- XE Thrusters
Inter n } nsor s/Modul e
1400 K xtra Propellant

I 9138= X %X X X X X X X X X X X X X X X K X X X X X X X K KK X K X X%
% R R R E R E R EEE R E RS
* 9148= FINAL VALUE OF F =  1.41174152E+63
9150=
9140=
9178= FINAL X VALUES
9180=
9198= X( 1) = 4,65774684E+83 X( 2) = 9.28425162E+01 X( » =
5.45150244E+02
. 9208= X( 4) = 4.81741884E+08 X( 5) = 3.85451120E+02 X(
\ 9216=
K 9228= FINAL CONSTRAINT VALUES
N 9230=
2 9248= G( 1) = 4.15774484E+83 G( 2) = 5.34223316E+03 G( 3 =
8.264251462E+01
5 €!§ 92%8= G¢ 4) = 9.98735748E+83 G( B = 5.55159244E+82 G( &) =
% 9.43484973E+03
v 9240= B( 7) = 4.31741084E+80 GC¢ 8 = 1.51825892E+8! G( 9 =
3 2,95451120E+82
i 9278= GC 18) = 9,69454888E+983 G¢ (1) = 2,83724813E-08 G( 12) =

3.20448458E-09
9280= G( 13) = -2.83322240E-07 G( 14
9290=%EOR

~6.70475854E-87 G

S

TO GEO = 135.41 DAYS
RETURN = 73,17 DAYS

ROUND
TRIP = 208.40 DAYS
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interchangeable sensors was investigated. It is seen from Table 7 that

> this vehicle would be able to travel to GEO in 96 days and return in 33

T
N oy AN

~L

days, although most missions would probably involve closer orbits. The

¥

~

;z next mission investigated (Table 8 was the repair / visit / refurbish
R

;" mission. Again, the lighter payload allowed more propeilant to be
X \‘q

N carried and the vehicle accomplished transits between orbits faster
e ?

Ei: than when used for deploying satellites. The last mission considered
i

> (See Table ?) involved carrying extra fuel for several LEDO - GEO -~
5‘»

Return trips. Thus, it would be more autonomous and posess

[

mul ti-mission capability. The first leg, carrying the most propellant

SR

NG mass, still only required 135 days transfer time.

[t was not necessary to use QGERT for these missions since the IUS

¢,

A,

N and CENTAUR were not competitors. The RBPV has such a large fuel

f& requirement that it also does not appear to be a contender in its
% present parametric form.

o i Anal

i

%t It appears that although the EOTV can offer potentially fewer $/Kg

TN

?j‘ for delivering paylocads to orbit, the transfer time and Van Allen

%1 exposure for the payload owners may still be unacceptable in some

;gi cidses. An all-EQ0TV fleet might not be wise. The EOTV is a strong

‘Sy contender for LSS and free rover type missions, since chemical vehicles

::: use enormous amounts of fuel in the former case and have a greatly

24

Y ¢

%! reduced payload fraction in the latter case. For those payloads

WY

2;' compatible with EOTV transfer times, dollar benefits are to be had.

:;, K Mixed fleets were not specifically addressed by the methodology, but

! J€3

» 4

-85 -
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could be modeled by combining wvehicles and missions in one QGERT

network. From the results of both SUMT and QGERT anaiyses, and

%'
N &

&

congidering the low cost of PAM-D, the best mix of upper stages / 0TVs
R / rovers appears to be:
;% {. PAM-D for spinable satellites.
2. CENTAUR-G for heavier rapid transfer payloads.
3. EOQTV for all other payloads, using several for rovers --

intelligence, sensing, refurbishment, repair,

T
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kﬁ é@} CHAPTER VII. Summary / Conclusions / Recommendations

A

.' Sunmary

B4

igt The need which gave rise to this thesis is the need to enhance or

make better use of the Space Transportation System with a reuseable

upper stage or orbit transfer vehicle. In examining the mass of fuel

required to operate a chemical 0TV, it quickly becomes apparent that
i higher specific impulses are a necessity. Liquid bi-propellant engines
Z? have pushed the theoretical limits of specific impulse as exemplified
?§ by the Space Shuttle Main Engines. But, the specific impulse needed
?x for practical reuseability in near-earth space should be weil above

that which is possible with chemical combustion and expansion.

. X’-»_-L-

i

After a personal visit to NASG-Lewis Research Center in summer,
e qﬁb 1983, it was clear that a great many refinements have taken place in

elaectric propulsion technology -~ especially electron-bombardment ion

thrusters. These thrusters have a specific impulse normally in the
2000 to 4000 sec range which allows mission accomplishment with greatly
reduced propellant mass over that required for chemical propulsion
systems. The supporting propulsion module with avionics, thermal

control, propellant tanks and power processing has been developed to an

o e

advanced state, as well as the electric thrusters. This system,
developed by NASA, is envisioned to be modular with two to ten or more
Ll thrusters as needed to cover a wide range of thrust requirements.
é; Given these advantages, it seemed a good candidate for Shuttle

enhancements, whether as an upper stage or as a repair/ retfurbish/

R qsg retrieval vehicle. But, several issues needed to De addressed: Which

"""" SRS IANGY



of several thruster technologies would be best for certain missions?
What size power supply would be required? How much propellant would be
required? Numerous studies had addressed these issues in one <fashion
or another, but none had performed an optimization of actual thrusters
/ prototype technologies followed by a comparison "fiy-off" against
baseline chemical systems.

The decision-maker investigating Shuttie enhancements and increased
near-earth capability would probably like to find the optimal electric
system for a required mission or mission set and "fly" it against the
current upper stages, IUS and CENTAUR-G, for comparison of performance
and cost. Also desirable would be a comparison with a projected
reuseable chemical system.

Providing the decision-maker with this type of information has been

the subject of this thesis. The approach has been to first develop a

method for parametrically characterizing oxigting prototype thrusters

N
T

=

and an existing prototype solar array power supply. It was desired to

AR A

]
Py
3

characterize existing, experimental thrusters rather than ideal,

mathematical projections in order to provide the decision-mader with

v ST i
% ot L
! PR

ey

more realistic, conservative data. This was done by linearizing
relationships of input power to the thruster vs ISP and vs thrust as
obtained from measured data from NASA-Lewis Research Center ana Hughes
Research Laboratories. A very Key point in this thesis is that these
relationships then incliuded and accounted for all thruster losses and
efficiencies! The rest of the propulsion subsystem has been patterned
closely after the NASA BIMOD configuration. The primary parameters
then input to an optimization program (SUMT) were: power supply

specific power; thruster input power vs ISP reiationship for the given




thruster technology; and vehicle mass. Relationships from the rocket

equation were also incorporated to specify propellant mass used for the

;‘v
5 A,

[E LS
X,

#b. mission. The mission / payload was characterized by two parameters,
f:;i av, or velocity change required for the orbit transfer, and payload
ﬁ;% mass.

;}< The specific thrusters chosen for the optimizations were the
i%§ baseiine NASA-Hughes 30-cm J-Series Hg thruster, the 30-cm with #Argon
?if propellant, the 39-cm with 3-grid ion optics, the extended performance
ﬁ,« 38~-cm with simplified PPU, and finally the Ring-Cusp 3-Grid 30-cm
$;i configuration using Xenon propellant. This was feit to offer a good
f?& spectrum of thruster technologies. (Foilow-on users may select

additional ones). The specific power supply was the NASA-Lockheed

'y

RAXES .
N S

-

experimental solar array with a total system specific power of .852

)&J

KW/KG. The mission set chosen for the optimization was the MNavStar GPS

P

with 1-6 satellites transported at a time. Carrying six sateilites

X

simul taneously would mean deploying 1/3 of the GPS constellation to an

o 1A = a i

.:-?"‘-

orbit plane and using either the OTV or the satellite RCS to achieve
the desired position in the orbit plane.

The optimization program found the minimum mass to accomplish the

P

given set of missions for each thruster technoiogy. Minimizing mass

impacted vehicle cost, launch costs, payload capability, and transfer

R

time. In the program, mission performance was a constraint that the

EY

-
2

vehicie had to meet -- it had to provide the necessary av, Since the

EQOTVs were optimized for specific payloads, several runs had to be

7

made. But, a Key point in the analysis is that the masses in the

[

(o

s,
-

mission model could correspond not only to GPS satellites, but could

St
‘4

i;k; > represent other categories of payloads as well. This dual
X {.,é P
N
3
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representation reduced the number of computer runs and allowed the
ég@ analysis to indicate EQOTV performance over a wide spectrum of potential
payloads. Once outputs from the 35 runs were obtained, transfer times
had to be calculated. Then, with both optimized mass and transfer time

as criteria, the vehicle offering the best combination was picked. Out

e of the thruster technologies analyzed for this thesis, the clear winner
(most optimum) was the Ring-Cusp 3-Grid Ion thruster operating on Xenon

propellant.

??2 The "fly-off" simulated operation of this optimized EOTV for a 20
S year (user selected) period. Also simulated were the [US, CENTAUR-G,
%;' and a Reuseable Bi-Propellant vehicle based on CENTAUR technologies
:; with the RL-10 engine. Long-term (28-year) operation and performance
g: was then examined without having to build and launch the system. The
73: outputs of the GGERT *fly-off" simulation were examined and analyzed
gg ‘59 tor these results: the total number of satellites launched over the
;%3 28-year period; the potential number of Shuttle launches saved: the
ig total mass (KG) of payload placed in final orbit; and the number of
o refueling missions required for the RBPV.

%% Using these resuits from the fly-off, the assignment of rough
g Life-Cycle Costs (LCCs) for each orbit transfer wvehicle system was
g; made. These costs represented R.0.T.& E. not vyet accomplished,
}1 acquisition / production costs, and operation costs. OGiven the coarse
g?' assumptions made for this part of the analysis, the results of LCC
i;” analysis were as follows. The CENTAUR-G upper stage had the lowest LCC
ig; followed by, in order: EOTV: RBPV; and IUS. A more applicable

i

figure of merit, however, was the ratio of dollars, LCC, per KG of

payload mass deiivered to final orbit. This could be regarded as a

#A
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cost to benefit ratio. For this figure of merit, $LCC/HKG payload
delivered, the ranking was: EOTV; CENTAUR; RBPY; and IUS. CENTAUR
and EOTV had exchanged first place ranking because EOTV is more

flexible in delivering a wider range of payload mass.

This example of the methodology should be regarded as an initial
analysis comparing each of the existing and proposed wehicles. The
methodology is +flexible enough that different mission models and
accompanying assumptions may be incorporated by follow-on users. Other
electric propulsion technologies may be examined, with this initial
analysis as a baseline. Other orbit transfer vehicles may be compared.
Thus, besides the initial results obtained showing the wviability of
EOTVs, the methodology and algorithms deveioped should prove usetul to

other users, planners, and decision-makers.

lysions

The results have been presented in some detail in the Summary, and
it should be helpful to the reader to now relate these results to the
original research questions and objectives which were delineated in
Chapter 3 of the thesis.

The first research question posed in the thesis was, “Which
electric thruster technology among several 1lab prototypes would
optimize an OTV in terms of reduced propellant mass and reduced power
supply mass for a given mission?" Objective #1, choosing thruster

technologies and optimizing them, as well as objectives #2 and #3, were

P ey a e
3R e

b
?\

A

7 P

accompl ished using SUMT formulations. Using SUMT results, the answer

- 91 -
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to the first research guestion was the Ring-Cusp 3-Grid Xenon thruster.

Round trip transfer times were calculated for each thruster and mission

combination. Questions #2 and #3 dealt with transfer times and with

¥
%? determinimg a single best thruster technology for all missions. These
;& were answered as well. Since it clearly outperformed all others in
= this initial study, the Ring-Cusp thruster was consistently the optimum
J% choice.
;% The next three questions and objectives were answered and fulfiiled
i when the QGERT modeis were developed and run to simulate a 20-year
gi "flyoff.” A definite reduction in Shuttle launch rate was possible
'Z when using resueable EOTVs, and mitigated for the chemical 0TV due to
E extra fuel’launches. The optimal fleet size determined for the EOTV
%E fleet operating without IUS or CENTAUR was 11. The optimal chemical
Q, RBPV fleet size was 4. The rough estimates of LCCs revealed that the
;: @ vehicles ranked best in this order for $/KG delivered to GEO: EOQOTV,
éé CENTAUR-G, RBPY, and [US.
?ﬁ The last research question and objective, dealing with new mission
%g possibilities, both were accomplished as other potential missions were
%i examined. The SUMT optimization was the applicable part of the
j? methodology. This was because GGERT comparison runs were only needed
¥ when competition existed between the chemical propulsion wvehicles and
é{ the EOTV. EQTV payload ratios were clearly superior for the folliowing
1y
iﬁ cases. Two missions delivering LSS components to GEO were input for
g} EOTV optimization. Also, a free-flying rover for intelligence
%: gathering, remote sensing, and satellite repair / refurbishment was
ﬁ} optimized. The results fell within the feasible region and show that
w gig the EOTV, when not being used for deployment of satelilites, could be
ny
' - 92 -
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;ﬁ used +for carrying sensor packages over “hot-spots", replenishing

;E i‘) modular satellites or any of a number of such missions. The EOTV has

;; : been shown to be able to carry the propellant and payload for repeated

}i trips at the velocity changes required by these missions.

E For an £0TV, the acceptability of the long transfer times anag
radiation exposure in the Van Allen belts must still be assessed by the

;W payload owner. Though this preliminary study indicates cost

effectiveness for an all-EOTV fleet, a mixed fieet of CENTAUURs and

AAAS

EOTUs might be more effective, given that perhaps a significant
& fraction of satellites could not linger in the WVan-Allen belts. It
should be noted, though, that a shieided capsule for the payload might
alieviate some of the radiation and would be feasible given the results
of this analysis. It was shown that EOTVs are less sensitive to
'y increases in payload mass than are chemical propulsion vehicies. In a
‘!9 mixed fleet, the EOTYs could be used for numerocus missions when not

being used for deployment. As mentioned above, orbiting sensor
;n packages over *hot-spots® and return, repair and return, and retrieval
W are capabilities not possible with expendable stages. Such wehicies
1 would definitely enhance our present capabilities in near-earth space

as well as create new capabilities for NASA, private industry, and 0DOD

A

operations.
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Recommendations

o v e
O

5

i, el Given the results of the extensive anaiyses and given the breadth
o

\ - of the literature reviewed for this thesis, three sets ot

igé recommendations have arisen., The first set has come +rom seeing the

‘g; potential uses of electric primary propulsion for expanding U.S5.

p capability in near-earth space. The second set has arisen from noting

?é areas of the methodology that can be improved with follow-on work. The

;ii third recommends how actual impiementation of an EOTV capability should

_a-. beqgin.

,i% With this introduction, the following three sets of recommendations

ﬁ§§ are made as a result of the studies performed in this thesis:

6‘

N

éi 1. A phased approach should be adopted to bring electric primary

,52 propulsion vehicles into general usage.

p ; q;; Phase I -- Develop and launch an on-orbit prototype 8-thruster

;;3 BIMOD unit with the following specific missions:

_;i (1) Demonstrate concept, test vehicle,

gf‘ (2) Use as roving sensor platform for DOD. rlso use to inspect

3‘ malfunctioning sateilites.

;? (3) Measure actual Van-Allen radiation dosage during several

;: trips to GEO and back.

’n§ Phase Il -- Place two more wvehicles in orbit which have

;:: appropriate improvements incorporated. Primary missions should invoive

Y

G

inteiligence and sensing.

,pi_u ’
LI 3

»
»

?v Phase III -- Place a small fleet of vehicles in LEQO to
\4

\ 4

' complement the current upper stages in use. Specific missions shouid
X . “:p include:

" (‘\ :

e

\ e
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(13 Deployment of hardened DOD satellites, including

on-orbit spares above GEOQ.

(2) Deployment of sateilite constellations using one EOTV.

g
§5§ (3) Exchange DOD satellites with spares on an irrequliar basis
sgg to extend satellite lifetime and to thwart unfriendly

e ASAT planning and preplanning.
%% (4) Demonstrate feasibility of disposing of nuclear waste
;;j capsules on a sun intercept.
Q.ﬁ (3) Retrieve satellites for inspection or refuroishment.
?:i (83 Visit NASA multi-mission modular satellites tor module
;%3 replacement or exchange.

o (?) Retrieve spent stages for possible refurbishment (CENTAUR)
%4

:a or avionics retrieval (IUS). Retrieve dangerous space
;?3 debris.
% o
:iﬁ 2. These follow-on studies are recommended and may be reqgarded as
%%; potentiai thesis topics:

x4 a. A more complete cost study using the QGERT results.
,ﬁs b. Develop an optimization scheme for Beginning-of-Life (BOL)
jé; vs End-of-Life (EQL) sizing of solar arrays.
{f c. Take the entire methodology and incorporate it into a
;? single exacutive computer program, thus eliminating hand
ii_ L calcylations and the many separate runs. Develop into
'3+ a management information system.
?26 d. Develop a more sophisticated QGERT model with more
i: tlexibility for handling differing mission models -- ie.,
Sﬁ ng more modular such that mission changes do not cause




major changes to the model network,
Continue wor.ing with SUMT to simulitaneocusiy minimize mass
and transfer time based on a user’s weighting of the

importance of each.

3. Given the potential benefits to each, both NASA and DOD should

Jointly fund the first phase suggested above.

This third suggestion is made with the Knowledge that any new
system is going to be expensive, especially if it is a wviable space
system. However, building a prototype demonstrator and launching it
should be very cost-effective. I[f program funding for Phase 2 or Phase
3 is slipped or delayed, the prototype vehicle could still be used as a
platform for testing other concepts in addition to its Phase I
missions. Additional missions might include demonstrating modular
repair of satellites, retrieval of spent satellites or space debris,
or, in fact, any of the missions suggested for the other two phases.

These recommendations are made with the Knowledge that electric
propulsion is serving very well at this writing on the Navy NOVA
satellite program. Pulsed electric thrusters are providing secondary

propulsion for stationKeeping / drag make-up for this highly accurate

navigation satellite system (354). These micropound Puised FPlasma

Thrusters, though not envisioned for use in primary orbit transfer
propulsion, are providing greatly improved accuracy for the NOVA and
the Ballistic Missle Submarine Fleet it serves. An improvement in
in-track position error from 79 meters in a 9.3 day period to less than

70 meters in a & day period has been achieved, meaning more autonomy
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and less ephemeris updating (5&).

The results of this thesis show that besides potential economic
advantages to employing an EOTY fleet, the increased operational
capabilities suggested by this system would be the greater payoff.
Instead of a "push-the-button-and-watch-it-go® mode of operation, the
U.5. could move toward more flexible and responsive modes of operation
in near-earth space. Return and retrieve features, high payload
ratios, and large velocity change increments of EOTVs would certainly

enhance the present capabilities of the Space Transportation System.
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NG APPENDIX I. Propoged Vehicle Configurations / Thruster Data

! :“
N
N % The following drawings, tablies, and figures are from the references
V.4

it in parantheses on each. A few show calcylations by this author.
3‘? Figures 19 - 23 show vehicle configurations for all but [US., Tables 18
a3

&

and 11 show masses for the EOTY propulsion subsystem. Figures 24 and

e“":&

25 and Tables 12 ~ 16 show the thruster data provided by NASA-Lewis and

;?? the resulting linearized reiationships. The ring-Cusp data was already
; % presented in Chapter 4.
:;? The vehicle configuration for the Centaur-G, as shown in Figure 1%
S&; from (11), provides an idea of its dimensions, masses, and a few
é?i subsystems. The [US is not included because it is operational and its
= configuration generally Known. Figure 20 shows the Boeing Space-Based
%ﬁ‘ gga 0TV (15). While their study included a ballute for aerobraking, note
‘,'| that this mass is deleted for the oresent configuration. Upper
ﬁQ; atmospheric heating and drag are not yet well modeled and nearer term
.%ﬁ technology is assumed. Eventuyally, aerobraking technology must be
P
Eﬁw developed though, if manned operations are to be realized for 0TVs.
il? The masses shown were used as a rough estimate for the RBPV and as a
'2 basis for fuel requirements
3 Figure 21 shows t. .  al layout of the 38-cm Kaufman
Py
::L electron-bombardment thrus: .- diagram of the Ring-Cusp thruster.
ﬁ&* The iron filing map shows the magnetic field line enhancements. Figure
};' 22 shows the BIMOD unit with two 30-cm thrusters. This was assumed to
)

AR 4
.
-

be the basic thrust subunit for the EOTV. The vehicle structure above

I;J ig; the BIMOD and Interface module would contain solar arravy steering,
b
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e

-{(s avionics, housekeeping, and payload interface mechanisms. Details of

3

N ..

""- ';;,,- the thruster subunit are found in the Design Manual (12}, Tables i

s‘c and 12 contain the mass breakdowns which were used as a baseline for

T

Sg.?j eacn of the five thrusters analyzed with SUMT. Figure 23 shows the
-

ey modularity of the BIMOD engine system and the Interface module. Both

5 the EOTV and the RBPY have been represented parametrically +or the
Cn)

:{'3 analysis, and these configurations are primarily used for overall mass

“'.' estimates, not as final designs for a proposed vehicle.

ARYS Tables 12 - 18 and Figures 24 and 25 contain remaining data +for the

f:}- tour thrusters besides the Ring-Cusp. The Tables of data #rom
-

N NASA-Lewis tests precede the linearization calculations in each case.
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AP

g Centaur G weight summary.
::: oo Centawr G
%! Weight (1b)
2 . Total Centaur cargo element weight 54,431 FIGURE 19,
Ev &_j Total sirbome support equipment 7.462
Spacecraft airborne support squipment o C
» Centaur asirbomne support equioment 7.462 ENTAUR — G
Total vehicle weight 46,969
-~ Speacecraft groas weight* 10,288 SPEC,
5 Centaur tanked weight 36.681 FICATHNS AND
N Centaur jettison weight 6,720 DlAwIvGSs FrRoM
~ Centaur dry weight 6.163
- Centaur residusie 557 ReFersnvce (/)).
Centau” expendabies 29.961
Propeliants (LM, & LO») 29,707
Engine 2t 102 29,105
Start, shutdown & vent 802
Hydrazine 250
Hellum 4
, "Spacecraft system weight-capebiit 2089-2C
X
§
L]
1‘,
h‘
: .
¥
12378 13020
1062.07 120273 | 1273.83 |
1 L} - - . -.- - } }
‘~ . = ! N4 | |
‘): : T I ; - 5,50
iy ‘ T A
W I m.‘L o |2 :'"" ; L
? ueo | -
. I U
_ - I RO .
E . 1068.07 1226.33
N :s';-; == 240.0 (20 F1) |
> ~ 480.0 (40.0 FT) SPACECRAFT LENGTH WITH CENTAUR 6 ' 2089-1C
‘ :  Centaur G and spacecraft length capability.
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Space-Based OTV Configuration

SB OTV Design Reference Mission Summary Mass Statement

— MASS
: {kg)

STRUCTURE
THERMAL CONTROL

AVIONICY o POWER SYSTEM (29%) | FIGURE 20.

MAIN PROPULSION SYSTEM (MPS)
T oLy T e oBp
WEIGHT GROWTH MARGIN RBPV_JINPUTS —FroM

(DRY WEIGHT - LESS BALLUTE)

@57
:gn‘ouus Boeing STupy (/5)

(BURNOUT WEIGHT) uam
mucm LOSSES 382 ar e a« dedl
FUEL CELL REACTANT 4 )
ATTITUDE CONTROL PROPELLANT 32 frem propos
MAIN IMPULSE PROPELLANT 2289 RBPYV,

. {OTV GROSS WEIGHT) .
PAYLOAD
(OTV + P/L WEIGHT
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STARTING
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1aeLe V2. POWER PROCESSOR CHARACTERISTICS (399

Power Processor

Component | Parts | Electrical
nass, count | efficiency,
kg percent
Functional Mode) 12.2 4000 87.2

(FMPP)

Mogification Percent change due to modification
Reduced number of -14 =37 *1.6
power supplies

Fixed point or -13 =31 1.3

4:1 throttle

New circuit designlO -6 -19 +0.4
Minimum total change -19 =50 1.7

ThB.E 13- T STER PIRTUAWANIE - BASELINE THRSTTLE RANGE

(39.)

Thruster Senr Bear hceelerator | Liscnarge | Grscnarge | Measurec Trrust | Taruster | Tarust, [ Soecafac | Tre ste-
current, | voltage, voltage, voltage, lesses propellart joss Wyt L] weulse, | efficiency
) ] v v per bear | wtrlizatior | factor® | power, sec
- ampere, | efficiency [
Wik
J-Series 2.0 1100 Y 32 19 0.940 0.9 2660 0.128; 2960 0.70%
(J=4, 6 LORC) 1.6 ¢ 313 200 .9¢3 955 18%C 098¢ 27C8 .67¢
1.3 €20 311 209 .89 .90) lalC .072¢ 2459 N Y3
1.0 00 3? iz6 857 507 968 .08¢¢ 2194 L87C |
.75 Ve 30C 245 .803 9 691 .03 ¢ 1§17 Ly i
fapermental 2.0 110z 297 3¢ 152 - 0.820 0.960 26€2 L1302 29¢; i i
taruster withe 1.4 8ol 2% ¥ 20¢ 8860 . 964 1546 0807 245 NX13
out magnet ic 75 60C 300 30 245 778 974 667 .036¢ 1850 A8
Letfle
s imated values from kef. ] anc 3pectroscopIt Medasworements.
TABLE '4. THRUSTER PERFORMANCE ~ EXTENDED THROTTLE RANGE (3’.)
Seam Sear | Accelerstor | Discharge | Discharge | Measurec | Thrust |Tnruster | Tnrust, | Specifac | Tnruster
current, { voltage, voltege, voltage, | losses propel lant loss input N impulse, {efficiency
amp v v v per bear | utilrzatron | factor® | power, sec
ampere, | effircrency [
Wik .
2.0 1100 306 3 192 0.§2C 0.960 2063 0.1303 2942 6. 7203
3.0 1300 400 28 224 .92C 971 40b] .23 3207 726
4.0 1450 450 28 220 .958 .95 6773 .294 3457 J243
5.0 1570 600 28 232 1.0¢ 927 9133 3% 3823 W67
S stimatec values from Ref. 26 anc SPeCctroscorIC measurements.
- ' ‘-* L e ar’ h..f AL O ." « Q..'l."-'\(-.' ..'..".-.{-.f.' v “".:“"-."-.-v' L4 X '.'-$l'\-'.‘-;..\'."'\'.-"._-"-'\f\.f\ “a "-..- -.
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------------

BASELINE T-SeriES THRUSTER

Input Pur (KW) | Isp Data | Curve Fit |Thrast data | Curve Fit
. 0.69/ /97 20/2 L0365 | L0384
0. 985" 2194 | 2/¢7 | ,0522 | .05/93
/.00 2459 | 2395 | .0729 | .07139

/. 8790 2705 | 2¢93 L0955 L09937
2,660 2980 Jo¥#8 .1292 . 130%7

Tep = 526.%602 (X4) + /698. 0929

Thrust = .0¥689 (X§) + .00573%

EXTENDED [FierronMANCE

(%) w/ SimpuFier PPU

TInput Pwr (kw) | Isp Detn | Curve Fit | Thrast Den| Curve Fit
2.663 29%2 2934 ./303 .13953
EAZL 3207 | 3202 .2/130 | .2093%
6.773 7457 3985 L2950 | .28927
7./33 3823 3 8os .37%0 .37872
Isp = /34,5887 (X#) + 2575.9623
Thrust = ,0376%8 (X%) + .03%277
F lGU R E 24. J-S’P ﬁﬁJ nfll.ff Vs .];’/’ll'é IDOUGI"'

Relationships — Baseline ¥ Extd Perf
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e
N
:::::j: 2‘._ 3- GRID OPT/ICS "f{f

- TNPUT Powee

.:i.:j Ceid) %3 | T Pputa | Sy | TV 0t C“'F'f"f
oY | 2,862 1970 | 2026, 7% | /70 L1752
S | 402 2507 | 246220 | .27 | .213%
i 9262 2508 2762, 40 243 L23%8%
o1 : .

y ﬁ' S o2 3080 305¢.94 .26¢ L2642

) 66 Z |

e 6. 2z 2998 | 3498.9¢ | .298 | .z02¢4
'*..."’.'

R Isp = 367.93/ (X49) + 773 7173

oo

e Thrust = ,03181 (X4) + .08%/38

NN J-SERIES THRUSTER W/ ARGON FPlorELtANT

b Q continnation

L R * T

RY: iR EMEAA I AL
B | 440 | Yedo | .09% 720 | 5570 | .Is8
| 497 | S200 | ./08 721 | s880 | ./e4
o 520 $370 | .12 794 | 5210 | 77/
N T R T T - :

X '§ S, %0 5220 | ,/09 8§32 | %20 | .777
- .\J - - ———— - b

NN ¢.72 S¥§0 | 19/ £.98 | 5550 | /94
R

W Tsp = 17.005742 (X4) + ¥980.0865

\,'_-.: :

pris Thrust = 020657 (k) + .00976 2%

-.“\-:::

| -"’

%3

N Isp and Thrust vs Tnput FPower (x4)
i FIGURE 25. Relationships — 3-Gri0 Hy ¥ Argon Thrasters
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APPENDIX I1I. se ot Transfer Curves

Alfano and Wiesel (1) explicitiy solved the slow timescale optimal
control problem for low thrust, mipnimum time, minimum energy orbit
transfer. Edelbaum had previously solved the optimal one-orbit control
problem for the first time.

Figure 27 represents a global mapping of the solution space +for
this transfer. The mapping is in semimajor axis -- inclination space
and provides explicit total wvelocity change requirements for any
desired transfer.

Figure 26 provides an example calculation of the required wvelocity
change,Av for 208 ¥m LEO to GEO transfer with 28.5° inclination
change. Note that the dynamics are independent of vehicle specifics

such as thrust, payload / vehicle mass, and specific impulse.




ExXampire Carcucarion

Given : ,4;;4/ Sow Hhrust clechric propulsion. OTY
Re = C3758./195 ém
LEo= Zookm
GEO = ¢.6/052/ Ko
AL = 25’5' snclinatyo d.yc, = 4974188 racdiass
FlGure 27
Find': Vdac#/ thnnuf/ 45 rq«/ru( for fe Fransfer

Soletizn: Finding chosge in semimpjor axis 2 (Ply) :
Dpper = K9 1200 low = G578, W5 b = dduy, = /031357 Dify
4/,,3‘,, = Giilosz/ Ry = éblosz/ Dl/g
4’2w- = [0 DUy
4‘.",-— -—--(”W-fb”-;\f
Now, Findg T4e* A Tdly = J;n \f%

= \{ TA123,0252 = ¢S, 0547 sec

IVW& u.rt‘g F)ﬂrc 27:

e i i
Ai== 5’6‘ ’

/Voo/l Ca;nrﬁy 7o b"/ H

=75 27% * (457&/45’,‘;;)(3,{;;;7 7;.'—;**)

4v =|558382 ko,

Answer

,D&fdl'/.\‘ AI" ﬁ(// ""_"’ M ll?/lﬂ&ﬁ'ﬂl q‘ F:-'i, 27/ ‘uﬁ/ Py [c{ (l}

FIGURE 26. 0gs/7 7Rawsrer Curve Ciicucarions
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APPENDIX III. SUMT Example Qutputs

i

:;? Included in this section are simply Xerox copies of some of the
>§}' outputs that were obtained from the SUMT nonlinear optimization program
}5§ runs for the EOTVs. The optimization program runs consisted of the
5;; tive thruster technologies, 2ach optimized for the GPS mission model.
e Thus, each EOTV and associated thruster technology was optimized for:
?}g a 798 Kg payload; 1816 Kgj 2724 KQ; 3632 KqQ; 4548 Kg; and 95448 Kg
%j payload. Additionally, a 1808 Kg payload was used as a baseline. Thus
?:z the total initial number of runs was 35. To avoid buik, the iterations
%‘? which SUMT prints ocut between initial inputs and final values have not
%;i been included. For the same reason, only a few thrusters and payloads

) cga are represented in these copies.
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APPENDIX IV. QGERT Example Qutputs / Card Listings

The following figures contain exampies of the output that can be
expected from QGERT simulation programs. In the case of "fiyof+* runs,
only the summary printout was desired. But, for wverification and
validation, other printout options were selected. For the reader not
familiar with QGERT, most of the output is automatically set up for the

user, and for all four models, this methodology required that the User

Function (UF) be employsd to print some additional data on transactions

at nodes. The only use of the UF for determining transfer time was
in the EOTV model. Theretore, this is the only UF card 1listing
included. However, main program card listings +tor all <four vehicles

are included.
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ese INPUT CARDS one

GEN, MADDOX , ELCOTY, 3, 25,1963,13,0,,7300,50,8,0,2¢

SOU,1,0,1,0,Me
REG,2,1,1,0,Me
REC,3,1,1,0,M2
9YA,8,1,1,P,8,90,4»
STA,S/L82500,1,8,0,A0
STA,6/L8%5000,8,1,00A
STA,7/LB10000,1,1,0,A0
STA,8/SATFALIL,1,1,0,A
QUE,9/0TVa,11,11,0:F000,0,2,11¢
QUE, 10/8AT0,0,7,0,F,17,0,0,3,11»
SEL, 1) /LINKUP,ASN,CYC, /1,099,100
STA,12/6E0=8,1,1,008,008/710
STA,13/RETURN, 1,1,P, A%
STA,18/0TYFATL, 1o 100/ A0
SVA,1S/GE0=0,1,1:008,48,3¢
3TA,16/GE0=1,1,1,001050,15¢+.
STA,17/SATOFULL,Ss1,D0A2
STA,20/LE0PaM,1,1,0,8¢
ACT,1,1,N0,1,1
ACT,1,8,,42e
ACY,8,20,0030,,0,6%
ACT,8,5,007040.100
ACT,8,8,,08,,0.20¢
ACT,8,75,,9,,0,0%5%
ACY,5,10,C0,5,11#
ACT,0,19,C0,1,13¢+
ACYT,0,10,C0,1,1Q0
ACT,7,10,C0,2,18¢
ACT,11,12,UF,1,16/0TVIXFERe
ACY,13,12,UF,1,17/01V2XFERS
ACT,31,12,UF,1,18/0TVIXFERs
ACT,11,32,UF,1,31/CTVAXFERS
ACT,11,12,UF,1,32/0TVSXFER®
ACT,11,12,UF,1,33/70TVOXFERS
ACT,13,12,UF,1,34/0TVIXFER
ACT,10,12,UF,1,35/0TVOXFERs
ACT,11012,UFy1,36/70TVIXFERS
ACT,11,12,UF,1,37/0TVI0FERS
ACTo11,12,UF,1,38/0TVIIFERS
ACT,12,13,UF,2,19¢
ACY,13,08,,,21¢90,010%
ACT,13¢940420,00,9900
ACT,12¢1554022%

ACT, 12,160,230

ACT, 16,185, ,200

QUE, 18/ENDPALK,0,040,F,19e
STA,19/FINALSTA,191,D0T,50,15
PAR,1,20,27,10.0,120.,0,5,00
VAS,S,1,C0,9008»
VAS,6,1,00,27240
VAS,7,1,C0,5048¢
VAS,13,1,C0,0

FiNe

ans NO ERRORS DETECTED IN INPUT NATA nen
ses EXECUTION WILL O€ ATTEMPTED ene

e N IRE 42 an 20 N tea 192

194 197 1R
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ese [NFUT CARDS aans

GEN,MADDUR L HRPVY L 11,19, 1983,1%9,0,,7300,%0,%5,0,29

1 S SN, 1,0,1,0,Mn
A b KELo2slolpDypMe
\ PEGo»3slelsVaan
£4 STAsl8,1,1sP,H,90,4n

STA,5/L12%00,1,1,D,As
STA,6/LHS000,1,1,0,A
STAL7/LEL10000,1,1,0,42 R - o . . . e .
STA,A/SATFALL, 1,1, A
QUL ,9/01V0,0,0,D,F,00,0,2,119
HUE,10/8ATQ,0,7,06F,12,0,0,3,11¢
SEL,11/LINRUP,ASM,CYCoh/1 909,100
STA,12/76L0=a,1,1,D,A,,,8/10
STALIA/RETUNN, 1 ,1,P, 88 - . . . - —_ .. . R
STA,18/70IVFAIL,1,1,D,A0
-Slﬁvlblﬁfu-ﬂ.l.l.U.ﬂ-“ﬂclﬁ - - .- -
STA,16/GE0=1,1,1,0,1,50,15»
STA,17/SATUFULL,161,DpAn
STA,20/LECPAIN,),1,D,R2
) SIA.Zl/REFUELI.l.l.D.Bt - s . - - e et e 4 e rmmees e e e—— = o a —— -
W, ;lA.??IRGFUEL£-l.loDo3'
ACT, “'O-d* - - - - -- - -
A ACT,3,20,,,30,,0,65e
Moy ACT+8+590s79s0, 10
ACT 8,8,p0Hy,0,20e
AL[.'“!’;QQQ"O-OS. FR U O e - PR, e . mmas mmm e e see o+ mimmemm cma e o o ———
ACT,20,1,N0,9,50n :
ACT,»SeioN0,1,510
ACT,8,21,H0,1,92
ACT,7¢21,%0,1,532 - - e e e - . - -- —_ . =
ACT,28,22,NU, 1,54
ACT,22,1,MUS o952 . . . . L L e e e, e e e e Dt e
ACT,6,10,CUp1,132
ACT,7.10,€0,2,15¢+ . - A -
ACT,11,12,C0,0,5,16/ROIVIXF
& ACTo110120CU,0.5,17/KUTVXFY
e’ ACE,31,12,C0,0,5,18/R0OTVSXF2
ACT,11,12,UF,1,3170TvVaXFERS . . - - C e
ACT,11,12,UF,1,32/0TVSXFERS
ACT,11,12,UF,1,33/0TVOXFER® -
ALY, 12,13,C0,0,5,19»
ACT,13,04,00021,00,0259
ACTs13:0999420,,0,975%
-ACTo12s15000020 ... .. S . -
ACT,12,1bs0023*
ACT,16,18,,,24n
UUE , §B/ZENDIALK , 0,0, M,F,|¢n
STAL,19/FIMALSTA,19140,1,50,152
PAR,1,20.,27,10,0,120,0,5,0#
VAS,9,1,C0, Gbue
Va5,6,1,C0,27202
= VAS,7,1,CU,5%a48
7. VAS,13,1,C0,0e
"J FINA

(IR

At

BYs (“a,‘-(‘

>3

P 4

IRt L AR
LN

’_?. /3
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s NU ENRURS DETECTED In [MPUT DATA ras
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FIGURE 43 IwPur Cakvs — RBPY MODEL

2l
s

AWy

_*.— Q'

- /32 —

- -

L

rd
*n
P

&

MR AI ST I AT WA A S L. Y N SR BT R R L A S IS T AR ALY



S S
30°ci "wrrH LT ‘45
9600°0 900°0 °ng 100000 1900°0 2Hb0n’0 L LR ] L]
T Ny 0060°0 LLLY ) ‘0g 0p00°0 M00°o 06000°0 nivs 01
B NNQQS\ AdgY 000D (T tos o000 vage®a 6000 a AL 6
T AP INO AYkwuns .
.q.v mm DO.— m RS | [ SNTW 19 0N JAv 4D 0S *A30tais L1 " 34vy INNN
i - ve ATl JINR B34 OHINIVA NN JO2VHIAVES
0000°0f negiorsl f6n0°0 6250°0 ‘vs S000°0 6§00°0 oinn®o ] HIIX9AID 1)
TONNETOT T T T T TOLE6TOESYT T fen0°0 6250°0 ‘ng S000°0 1500°0 oIrn°n i NIIXSAIOD C 2%
0000°0¢ 1610°9951 feno‘o 65250°0 °0S 5000°0 1500°0 tinn’o ] HIJXWALO 31
TUN0ST0T T IN2E°QONI T T 8000°0 £000°0 °0s 0000°0 - 1000°0 Leoo°o 1 JXEALON 9l
0005°0 efni‘osnt 900n°0 S000°0 ‘0s 0000°0 10000 L000°0 1 JX2AL0N L
TOOOETIT 29ETTINGTT T TRADYTD T TEONACO T UTC0S T TTT0008°0 T T C  1000°0 000°0 ° TV T TTT UIXINLDN 91 -
0n00°0 0000°00¢¢ 000n‘o eo:e.c ) ..,.m. .ooeo.o 0000°0 unoo‘o 0 0
(SHIANIS MO IWNL) *sHo SH3ANIS
T TWVA TTIVATCUNIN T T UTTTUUCAVA T T T I 40 °ON IAY 40 a8 T *A30°0LE bk LY IITIVHYY CON C 138VY T HIAYIS
V¥ INIVA JWIEIXIVY - TYIROTIVZIVIIN H3IAYIS IGPRIANYY — — -7 T T o m e e e s T o
0000°0 0000°0 8000°0 0000°0 0000°0 0000°0 0000°0 ~000°0 0000°0 01Y§ (1]
L 11 A Ty RQLTOT  9aUT IS TTZEACS T T WOSECY T T TTUB2R0°0 T TTONSeS U T T UEE2CS T T T OALD T e T
XA JAV O AE °AIGCAlS CINYTTTTTOUURVRT T UTONINTT OTT 3AY 40 ST CAFACGIET T CIAYT T U IIRMYY C JA0N

TIVIONNCY RT FIBATINGY WSIATLCONTLIVM IOVHIAYEY T T T T T

*¥30hN<n"NT 8IOWON "JOVHIAVSS —- - - - oo -

9 0§90°0E  SMSL°42 ‘oS L2120 LI ] 92157 0f 0000°1 v
: - Y 6YINL6E9Y P9I TI0S T T IRG200 19T SELTTLEY 90270595 1 1T 00008 T e0szAY S
V' 292E°0L1v AI91°N0OE  *0S ITHL " 6nS1°622 1216°129¢% * 0000°l 00088y 9
- v TITE SOIS COTH RWET—*0S r4 4384 17 VETZ°0S9 —2865°F29¢~ "~ 9000°t————"9e00laY ~ ¢
. ) : 43040234 $INWA ON . eqive ]
. ¥ eTI2CLLIY BHeRctier tes l..Ino.o (A [ Y Rl ST R L S 00go°1 - m..!!_ ~yeQ3y - 2%
. v olIL LsIn 24940 fL2s ‘oS L6n5°92 neglLel  LEvStan9 00004 CNNNEAIN 11
—v GHOY 920L 1999 °16E - t00 ~ = - ——"1929°062 - WLZ9SRERT £08R°109F - - 000970- -~ -—-VV4ALO - W)
L, . 9020° 181  @RF°v01 *0s LLE6° BEL0°01  flin°t2N 0000°t 032 st
Tzt —rertest 0 t2M0°0———ne82"°D 00Ewt 9l -nltloeac..'tqllnl. $¥079 - ——et-
. 03040330 SINIWA ON ' R FLTCH "
9 ua.n.oo.:m:.a.o_.t--a.om!-.ll 26L90- =~ "= 91§ - ANOL9N - — 0000°) -~ WydNI1 * - - 02
. 8 0606°0S1  eleecsol °0S v82s' 4 1208°08  brsycl2y 0000°14 1130434 12
T 0250018 T 2SR TR0 T f0S - T o peep 1T < 20900) 00170121 S 000008 T RIS - 22
1 or2t°L1  tesi°st *0s £2r0°0 p662°0 ' 00§R°9) 0000°1 viSWNL4 ot
3dA1 ‘suD )
TTIVEIETTTOXYNTTT U TORINT T OOC40CAN T T JAYC40 08 T *A20%als v “- AL V14VAONS - IMYY 3ann

R T et TR

NPT S
e e

- © eegNOLIVINKIS 05

eBITLIGTLVIE FGON IVVHIAVSS - - - o T it

"4 C1INE I NI - T - -

@.

RARRAAAE  NAEITAN,  TEACENAE|  IENAIC | | SR AR

- /33




sy % % % X

vy

s YA

Lt ¥, L B N e 8 A,

N

EIe s

APPENDIX VU, QOther Mission Possibilities / Sensitivities

The first two figures contain 3UMT resuits for EOTVs including more
realistic calculations of power available to the thrusters.
End-0f-Life (EOL) rather than Beginning-Uf-Life (BOL) sizing of the
solar panels has been included. That 1is, the effect of Wan-hilen
radiation degradation has been incorporated such that the +full power
required is available at the end of the vehicle’s lifetime. Provision
has also been made +for more avionics and  housekeeping  power
requirements as well as some cabling losses. Further, transfer time
calculations include 18xX occultation during earth shadowing.

The next five fiqures show other mission possibilities which were
discussed in Chapter &, but with the earth shadow effectsz included.
These missions can be thought of as representative of vet other rover,
sensing, repair / rescue (satellite only) and visit type missions to

enhance operational capabilities in near-earth space.
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TABLE IT.

O 1988 KG Payload, EOL Sizing, Occultation Inciuded
=
»5} P340= %X X X X X X ¥ % X X ¥ X X X ¥ ¥ ¥ £ ¥ X X X X X X % ¥ X K XK % %
X X ¥ X ¥ X X X XX XX X X XX X %
e 9350= FIMNAL VALUE OF F = 4.22477445E+83
e 9340=
‘;-:-4 9378=
30 ?388= FINAL X VALUES
o ?3%0=
‘ ?488= X{ 1) =  3.83579351E+83 X{ 2) = 2,77978333E+82 X( 3 =
- 1.18812185E+03
o 7416= X{ 4) =  3.11328282E+39 X( 9 = 7.32838151E+82 K¢
Y 9420=
;f: ?438= FIMNAL CONSTRAINT WALUES
L 9440=
N ?4356= G( 1) = 2,953979551E+83 G5( 2) = 6.78420447E+483 5( 31 =
~ 2,87974835E+082
?i: ?440= G( 4 = 9,79282315E+93 G( 5 = 1.89812165E+83 G6( & =
\ 8.89187834E+83
133 2478= G( 7 =  2,.61323282E+88 G5( 3) = 1.88367172E+81 GC %) =
Y, 7.228381351E+82
e:z 9438= G( 18) = 9.28718185E+93 G5( 1) = -1,72374753E-98 G (2 =
. R 2.359544322E-07
o ?498= G( 13> = =-2,152773%4E-87 G( [4) = -4,738925272~-97 G
ng 9580=%EOR
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L = THBLE 18,
.
A
";-:. 2724 KG Payload, EQL Sizing, Occultation Included
g
P490= ¥ % ¥ ¥ X ¥ X X X X X X ¥ R X K K K X R K R X B X K F K E R XX
XX K X ¥R XXX ¥ XK XXX EXH¥
9500= FIMAL VALUE OF F =  4.57538125E+93
?518=
9520=
. 9530= FINAL X VALUES
Nt 9549=
i 75508= X( 1) =  3.37348148E+33 X( 2) =  3.18P57204E+82 K( 3 =
13 1.34959937E+03
o ?588= K( 4 = 3.47339582E+98 X 5) = $.341237S1E+02 X
A 9570=
v 9538= FINAL CONSTRAINT VALUES
el ?570=
;5 ?480= G( 1) = 2,87846144E+83 G( 2) = $.82153354E+83 5¢ 3 =
o 3.98957204E+02
o 9618= G( 4) = 7.53194280E+083 G( 5) =  1.33959937E+93 G( &) =
& 8.55940@ 13E+03
[ 9628= G( 7) = 2,97333542E+88 5C B = 1.55266744E+81 G( M =
e 6.74123751E+82
9438= G( 18) = 9,31587425E+93 O6C 11) =  4,234980733E-87 G 12 =
-3.75312084€E-98
P448= G( 13) = -9.25861313E-87 53¢ 14) = -2.56353183E-88 G
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TRELE 17

L35 2, 28,898 KG Payload, 24 Ring-Cusp <E Thrusters,

12 BIMODs, with Occultation

ha

6.29577216E+88 X( 3

5.358485577E+83 G( 2
?.87872746E+83 G( D
5.79577218E+89 G( B

?.37189975E+483 GC 1D

X
SRR
{

g3
-\‘-'_-
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N PSR EE R EEEEEEE .
- 10140= FINAL VALUE OF F =
. 18170=
Y 10189=
3o 19199= FINAL X UALUES
N 102080=
1. 19218= X{ 1) = &.98485577E+83 K«
5C 2.73374195E+03

9 18220= X( 4 =

vy 19230=

e 19249=  FINAL CONSTRAINT VALUES
Ny 10258=

- 18248= G( 1) =

" 1.11872537E+02
- 18276= 3¢ &) =

o ‘ 7.26425804E+03
N4 19238= G¢( 7) =

~ 5.98900253E+22

t: 18299= G( 19) =

-4.57452325E-06
18388= G( 13) = -8.73735048E-87 G( 14

<1 10310=XEOR
ﬁg
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Y

= TO GEO = 241.23 DAYS

v RETURN = 53.58 DAYS
3 ROUND
- TRIP = 293.73 DAYS
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A
L LSS 3, 27,489 KG Payload, 32 Ring-Cusp XE Thrusters,
- 16 BIMODs, with Occultation
:::::'
S
o 18300= % % % %X ¥ ¥ X ¥ ¥ ¥ £ ¥ £ ¥ X ¥ E X ¥ F X ¥ X XX K X ¥ ¥ ¥ £ %
(3 KX XXX XXX E XXX %X XK XX
18318= FINAL VALUE OF F =  8.41502834E+03
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R 10330=
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N 18380=
i 18398= FINAL CONSTRAINT VALUES
Py
A 104008=
e 18419= G¢ 1) = 5,73038855E+83 G( 20 = 3.71911945E+83 G5¢ 3 =
‘ o 1.15437291E+02
o 18420= G( 4 = 9,37456271E+03 G( 5) = 3.79555348E+93 G( &) =
ey 6.19444440E+03
o 18430= G{ 7) = 4.92273711E+80 G( 8) = {.34772489E+81 G( P =
e 7.86482131E+02
N 10448= G( 18) = 9.20351787E+83 G( 110 = 1.43302217E-99 G( 12) =
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. TABLE 21
-
+&] Rover Vehicle, 8 Ring-Cusp XE Thrusters,
Interchangeable Sensors, 588 KG, Shadowin
. “‘
% P220= % X X ¥ £ ¥ ¥ ¥ ¥ X ¥ ¥ X X ¥ E X X X X X K ¥ X X¥¥XE¥KKG¥
9 ¥ X X X X XX X XX ¥ X KK XK KX
L 9230= FINAL VALUE OF F =  1.37441359E+93
: 9240=
& 9250=
N 9248= FINAL X VALUES
ng 9270=
R P288= X( 1) = 3.95753999E+83 X( 2) = 7.84975842E+81 X( 3 =
: 4.01332023E+82
. 9298= X( 4 = 4.03187334E+98 X({ 5) = 3.45301352E+92 X(
X 9306=
= 9318= FINAL CONSTRAINT UALUES
. 9320=
% 9338= G( 1) = 3.45748999E+83 G( 2) = §.8423181BE+B3 G( 3 =
6.84975642E+81
‘ G!Q 9340= G( 4 = P.92150244E+83 GC S5) = 3.91332023E+82 G( &) =
1 9.59844798E+83
: $350= G( 7> = 3.58187334E+0880 GC( 8 = 1.59131247E+91 G( 9 =
! 3.35301052E+082
) 9340= G( 18) = 9,85469893E+83 GC 11) = =-2.41934474E-10 G¢ 12) =
-4.79921744E-08
: 7379= G( 13) = -4.05959949E-88 G( 14) = -8.94412572E-88 ©<
& 9380=%EOR
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TABLE 22

Repair/Refurbish Yehicle, 8 Ring-Cusp XE Thrusters,

‘iﬁi Interchangeable Repair Modules, 1988 KG, Shawdowing
éii

{4

- 9550= % X X X X X X X X X X X XXX XX X X X X X X X X X ¥ % %K %K%
B XX XXX XX XXX XXX XXX X ¥

| 9540= FINAL UALUE OF F =  1.53783934E+03
N 9570=
R 9530=
N 9598= FINAL X VALUES

' ?400=
sk P418= X( 1) = 4.44852544E+03 X( 2) = 8.88139255E+81 X( 3 =
o 4.41148314E+02

j&a 9620= X( 4) = 4.41853412E+80 X( 35) =  3,36139445E+82 X(

A 9630=
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o 9450=
i 9648= G( 1) = 3.94852564E+83 G( 2 = 5.53147434E+83 G( I =
- e 7.88139255E+0 1

9 N P670= G6( 4 = 9.91118187E+83 G( 5 = 4.31148314E+82 G( & =
NS 9.55885149E+03

i, 9680= G( 7) = 4.11858412E+80 GC 8 = 1.53314159E+81 G( P =
Nt 3.76139645E+02

9698= G( 18) = 9.61384035E+83 GC( 11) =  4,33447874E-89 G( 12 =
- 8.66648711E-08
gl 9708= G( 13) = ~-1.62508513E-08 G¢ 14) = -2.47455318€-98 G(
2 97 18=XEOR

N
o "q
=

Sé\

N TO GEO = 116.22 DAYS
W24
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ou ROUND
e TRIP = 217.95 DAYS
P Cs




S - 14 . . - B 0 - AR
- - B ' - . _ LY ~ - . - W m L e e T, . . .

’ TABLE 23
2
W

20
v Free Rover, 508 KG Payload, 8 Ring-Cusp XE Thrusters,

. Interchangeable Sensors/Modules,
ot 1408 _KG Extra Propellant, Shadowing

’
:-,j P138= %X X X X X X X X X X X X X X X X X X X X X ¥ %X ¥ X X X £ % % X %
?140= FINAL VALUE OF F = 1.61174152E+33

R4 9150=
& 91808=
5 9170= FINAL X VALUES
53 ?180=

P198= X({ 1) =  4.85778484E+83 K( 2 =  9.26425182E+81 X( 3 =

A 5.65150284E+082
':. 9200= X( 4) = 4.31741084E+88 X( 5) = 3,85451120E+82 X(
"t ?210=

= 9220= FINAL CONSTRAINT VALUES
2% 9230=

) ‘!; 9248= G( 1) =  4,15774484E+83 G( 2) = 5.34223316E+83 G( 3 =
P . 8.264251462E+01
'.ti 9250= G( 4) = 9.99735748E+83 0G( 9 = 5.55150248E+82 G( &) =
Yy 9.43484973E+83
20 2280= G( 7) = 4.31741084E+00 G5( B) = 1.51825372E+81 G( P =
n 2.95451120E+02

9278= G( 10) =  9.69454883E+83 G( 1) = 2.93726313E-88 G( 12) =

P 3.20440458E-09
ey 9288= G( 13 = -2.83322240E-87 OG( 14) = -6.7847585sE-907 G(
i 9296=XEOR

o
,
.
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- ROUND
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