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ABSTRACT

Tremendous growth in the satellite
communication market iexpectedwithin the next
decade. Irparticular, the market foservicesbased in
low earth orbit (LEO) is booming. Large
constellations of satellites will soon beployedwith
capabilities ranging from modest pagisgrvices to
high bandwidth,datatransfersystems. Constellations
in the latter category are referred to asMega-LEO
constellations. Deployment of Mega-LEO
constellations will place tremendousdemands on
international launch capabilities. Curreexpendable
booster capability, reliability, availabilityand price
are all issues.

This research tests the hypothesis that a new, low

cost launch vehiclean bedevelopedspecifically to
deploy a Mega-LEO constellation and still be
economically competitive. A fictitiousMega-LEO
constellationcalled Orion was created toset mission
requirements. Aggressive launch cost gaaildlaunch
rates were established.

A new two-stage system with r@usable booster
was designed tomeet thechallenge —Sirius. This
paper includegshe results of the conceptuakhicle
designactivity including bothtechnicalandeconomic
data. Details on the multidisciplinary design

optimization methodology employed are also included.
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NOMENCLATURE
ACC advanced carbon-carbon
APAS  Aerodynamic Preliminary Analysis System
ASDL  Aerospace Systems Design Laboratory

B billion dollars (1996 U.S. dollars)

CABAM Cost and Business Assessment Module
CAD computer aided design
DoE design of experiments
DSM design structure matrix
GA genetic algorithm
GEO geostationary orbit
IRR internal rate of return
LEO low earth orbit
LH2 liquid hydrogen
L/Lref  ratio of vehicle length to reference length
LOX liquid oxygen
M million dollars (1996 U.S. dollars)
MDO multidisciplinary design optimization
MR mass ratio (gross weight/burnout weight)
OBD optimization-based decomposition
POST Program to Optimize Simulated Trajectories
RSE response surface equation
RSM response surface methodology
SSTO single-stage-to-orbit
TDS tether deployment system
Ti-Al titanium-aluminide
TOS transfer orbit stage
TPS thermal protection system
TRF technology reduction factor
TSTO  two-stage-to-orbit
INTRODUCTION
With the continued expansion of global

telecommunications markets, many compartiase
realized the tremendous potential of using
constellations of low to mid earth orbiting satellites to
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provide realtime voiceand datatransmission to all more, larger satellites operating in many orbital
parts of the globe. Compared to communicatifsom planes. Bycurrentestimates,Teledesic’s Mega-LEO
geostationary orbit (GEO), lowearth orbit (LEO) constellation will require 324 satellites of 2750 Ib.
communication offers shortersignal lag time and eaclR. To initiate revenuesgcoupstartup costs, and
lower power requirements. Howevel, EO-based be first to market, operators of a Mega-LEO

satellites have smallersignal footprints and faster constellation need their satellites to belaunched

orbital velocities (notsynchronizedwith the Earth’s quickly and efficiently — preferably within one or two

rotation). Therefore, LEO communications systems years.
must include anumber of satellites in mangfifferent

orbital planes to achieve global or near-global Timely deployment of such &arge constellation
coverage. These satellite ‘constellations’ work together is expected tajuickly over-taxthe availabledomestic
with ground stations to form an integrated andinternational launch capability. Theurrenttotal
communications system. international launch capacity is only approximately 45

- 50 launches peyear (about 800,000 Ib. td EO)>.
LEO constellations of communications satellites Of this total, most of the launches are alreddglicated
have beencategorizedinto three broad classes by to government and military payloads, science

number of satellites, satellite sizand constellation missions, space station suppamd other commercial
data capacity. As shown in Table 1,Little-LEO’ launches. No more than a few launches ygar would
systems are targeted primarily at the global paging and be available to supporapid deployment of aviega-
messaging marketBig-LEQO’ systemsinclude voice LEO constellation.Launch vehicle manufacturers are
communications systems (i.e. satellite phones). reluctant to invest inadditional launch ratesurge
‘Mega-LEO’ constellationsare very large systems capability to meet what iperceived to be ane time
capable ofhigh bandwidth, broadbandvoice and data launch requirement.(Mega-LEO maintenance and
communications — an ‘Internet-in-the sky’. replenishment launchesre expectedall well within
today’s launch capabilities). The current launch
Table 1 - LEO Satellite Constellations industry’s solution to Mega-LEO deployment is to
stretch the deployment to 5 - 6 years, manifest
Class Sat. Mass _ # Sats __Market multiple satellites into larger launch packagasj use
Little-LEO | < ~100 Ib. <50 messaging || a mixed fleet of domestiand international boosters
_ _ (e.g. Atlas, Delta, Proton, Ariarfe)
Big-LEO < ~300 Ib. < 100 voice ||
Mega-LEO | >1000 Ib. | > 200 broadband" Using existing launch vehicles, the costMéga-

LEO deployment isexpected to behigh. Current
expendablelaunchers place payloadeto LEO for
$3,000 - $4,00(er Ib. of payload.Total launch cost
for an entire constellatiomight be as high$1B -
$1.5B.

Some constellationare alreadybeing deployed.
Orbital Sciences’ Little-LEOOrbcomm system for
global pagingand messagingalready has a partial
constellation in orbit (afew satellites) and is
generating revenue. Motorola’s Big-LEQridium
system for global voice communicatiolasinchedit’s
first satellites earlier this year. Orbcomm will be
deployed by Orbital Sciences’ own Pegasus and Taurus
launchersliridium will be deployed by aombination
of the Delta and international expendable launch
systems.

This research tests the hypothesis that a new low
cost launch systencan be designedspecifically for
deploying a Mega-LEOconstellation and still be
profitable. This new systemwould (initially) be
dedicated tdaunching theMega-LEOconstellation so
competition for existing launchesources would be
eliminated. The new systerwould also have the
capacity to launchall satellites within two years. To
be economically competitive, thetal cost fordesign,
developmenthardwareacquisition, and operations of
the new vehiclavould have to béhe same otower

Follow-on systems around the year 2000
envisioned by companies such d®ledesic will
significantly increase the LEO data transmission
capability. These Mega-LEOsystems will require



than the cost of deploying the constellation on
existing boosters. This very aggressive cost constraint
implies that the new system minimize new technology
development cost, use streamlined design and
developmentmethods, have verjow manufacturing
costs, and use a minimal cost operations strategy.

ORION

To quantifymission requirements fothe launch
vehicle design challenge, dictitious Mega-LEO
constellation was assumed. The specifications for the
Orion Mega-LEO constellationare given in Table 2
and Figures 1 and 2.

Table 2 - Orion Constellation Requirements

Number of Satellites 400
Satellite Mass 1,575 Ib. (ea,

Number of Orbital Planes 20
Operational Orbit 420 nmi circ.

Orbital Inclination 853

Deployment Period 2002 - 2004
Replenishment Period 2004 -2014
Launch Price Target $3M per satl

The Orion constellation includes characteristics
typical of Mega-LEO constellations. It consists of 400
identical, highbandwidth, communications satellites
deployed to 20 differenbrbital planes.Each orbital
plane contains 20 equally spaced satellites in @20,
circular orbits at 85inclination. Eachsatellite weighs
1,575 Ib. Firstlaunch of the initial constellation

Individual Satellite Multiple Manifesting

(launch configuration) (optional)

. Q
height < >
=3ft

v

«— diameter = 6 ft—»

Figure 1 - Orion Satellite Physical Configuration
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20 Orion satellite
per plane

Figure 2 - Notional Orion Orbital Planes

deployment is to beequired byJanuary2002 and
deploymentmust be completed within two years.
Launch is expected to be on a safe and reliable vehicle.

Orion will pay afixed deployment price of $3M
per satellte for a total of $1.2B for thenitial
deployment. Periodic replenishment of spavedi
require an additional 28atellitesper yearfor 10 years
following initial deployment. The cost ofeach
replacementsatellite is also $3Mper satellite (for
$0.6B in additional revenue)Some amount ofhis
money will beavailable up front todevelop a new
system. Multiple manifesting of satellites is allowed.

The challenge of designing a new, low cost launch
system forOrion was presented to a group of aerospace
engineeringgraduatestudents at th&eorgiaInstitute
of Technology. The vehicle design data reportethia
paper is a summary of their response.

VEHICLE DESIGN

Mega-LEO deploymentsffer very challenging
goals forperformanceoperability, and affordability.
In order to meet these goals, th8irius design has
madeuse of existinghardware,currenttechnologies,
and reusability. Thedesign methodologyemployed
sought to accomplish two objectives: integrate cost
early in the design processand delay aslong as
possible many of thedesign decisions. Byhus
preservingflexibility in the design, thedesign team
was able to quickly explore a large desgpace in an
efficient manner. Inthis fashion themethodology
provided,not only a viable point design, but also a



better understanding of the design spatéch assisted
in decision making.

Table 3 - Computational Tools

Solid Modeling IDEAS
Aerodynamics APAS’
Trajectory Optimization POST
Weights & Sizing Excel
Optimization Genalg’f
Statistical Analysis JMP
Line Drawings Canvas
Cost & Business CABAM®

ANALYSIS PROCESS

Brainstorming

The design team waallowed greatfreedom in
choosing the configuration of the vehicle. During the
brain-storming process, mamjversevehicle options
were examined on a macroscopic  scale.
Configurations considered included: bimese launch
vehicles, expendablerockets with strap-on boosters,
wing body configurations, and lifting bodies.
Additional ideaswhich could be incorporatethto any
configuration were tether deployment, airlaunch
assist, or sea launch options. Due to the langaber
of launchegequiredfor constellation deployment, the
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Bimese TSTO Rocket

First Stage Parachutes
i Booster Flys back back
flll  Near Orbital
Lifting Body
TSTO Optional strap-on
solids
Wing Body
TSTO
N Orbital Tether
ear Orbita Retrieve 2nd

stage engine

Figure 3 - Brainstorming Concepts

DesignVariables

Once abaseline configuration was chosen, the
team selected five design variables: number of
satellites manifested pé&unch, first stage propulsion
system, secondstage propulsion systenstructural
materials, and booster fineness ratio. Tablgraides
a summary of all design variables and valid ranges.

Table 4 - Design Variables

Number of Satellites 1to 9

First Stage Engine RD-0120, RD-190, RD-140

Second Stage Engine Orbus-21D, TOS, STAR-BD

Structural Material Al, Graphite Epoxy, Ti-Al

Fineness Ratio 6,7, 8

Number of satellites manifested representdichde

design team considered a fully expendable system to be between vehiclgerformanceand operational cost. It
cost prohibative. Recovering the first stage of a is obvious that this design variable must be an integer,
conventional two-stage-to-orbit (TSTO) design was since launching a fraction of satellite st practical.
eliminateddue toconcerns foprotecting theairframe The design of the orbital planes limited the maximum
andengines duringe-entry(this option wasassumed number of satelliteper launch tawenty. However,

to require ahigh stagingMach number inorder to pre-conceptualcalculationsshowed that manifesting
increasethe amount ofre-useable hardware). The more than nine satelliteper launch resulted in
bimese wasonsideredoo expensiveand complex to impractically large vehicles (well over 1Nb. gross
meet system goals. The liftingpdy was eliminated weight). The first variable, satellite manifesting, was
because the vehicle shapewould lead to poor therefore set at integer values from one to nine
packaging efficiencyand difficult center of gravity satellites per launch.

managment issues. Following a down-select screening
process, thedesign teamselectedthe wing body
configuration as potentially the mostconomically
viable option.

Threeexisting enginesvere selectedor possible
use in the first stage booster. Athree engines
selected, the RD-0120, the RD-1%hdthe RD-120,
were Russian designed engines. Theseengines



brought to thedesignhigh performance at extremely

low cost. Two hydrocarbon-fueledengines were
selected because wtas firstsuspectedhat thehigher
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metric was chosen to study theffects of ascent
aerodynamics orthe vehicle design. Theelected
fineness ratiosvere: 6, 7,and 8. Each value of

propellant bulk densities would result in a smaller dry fineness ratio required a separate aerodynamic model.

weight, andtherefore cheapesystem. TheRD-0120
was the onlyliquid hydrogen-fueleagngine chosen for

DesignStructureMatrix

study. The engines were numbered engine one through

three, respectively.

The secondstage systems chosemere off-the-
shelf expendablesolid propellant motors. Théhree
systems chosewere: the Orbus-21D, théeTransfer
Orbit Stage (TOS)andthe STAR-63D. As with the
first stage engine, these engines waumbered engine
one through engine three, respectively.

Figure 4 shows the Design Structure Matrix
(DSM) used in thevariabletradestudies. Thidigure
shows the flow of informatiorbetweenthe different
disciplinesandthe optimizer. Vertical lines indicate
input to each of the disciplines or modules. Similarly,
the horizontal lines indicate outputs. The modules are
evaluatedsequentially indescending ordefrom the
upper left to the loweright. Therefore,lines above
and tothe right of thediagonal represerfeedforward

The fourth design variable was structural material. loops. The lines below and to the left of tiagonal

Three materialswere chosen for study: Aluminum,
Graphite Epoxy, and Titanium-Aluminum (Ti-Al)

alloy. These materialsvere also assigned a number

are the feedback loops. Normally, there is an
undesirablefeedbackbetween trajectoryoptimization
and weights. In this work, OptimizationBased

from one to three, respectively. The effects of different Decomposition (OBD) is used to break internal

materials were realized by applying Technology
Reduction Factors(TRFs) to booster airframe

component weightsand airframe development and

production costs. The Ti-Al materiaipnsidered'hot
structure”, had the additional benefit of reducing
Thermal Protection System (TPS) requirements.

The last design variable chosen wafsiselage
fineness ratio (fuselage length-to-diameter ratidhis

feedback loops between disciplineswhich would
otherwise require iteration.  The feedback loop is
broken by adding an additional intermediate variable in
the optimizer and enforcing a compatibility constraint.
In this case, thedeedback of requirethass ratio (MR
reg'd) from performance toweights and sizing was
broken byaddingthe mass ratio guess, MR guess
(variable #6) and enforcingthe constraint that it be
equal to MR req'd (#9).

Aerodynamics 0 Infarmation
(APAS)
0. APAS data
1. Number of Satellites
2. First Stage Engine
) 3. Second Stage Engine
Genetic 1-6 1-3,5 1-5 4. Materials
Algorithm 5. Fineness Ratio
(genalg.f) 6. Mass Ratio (guess)
7. Gross Weight
8. Length to Reference
. 9. Mass Ratio (req'd)
ngigm;& 7 8 10. IRR (objective function)
(Excel)
9 Trajectory
Optimization
(POST)
10 Cost &
Operations
(CABAM)

Figure 4 - Design Structure Matrix



Coupling Variables

Several other internal variables were important and
required toprovide coupling betweenmodules. The
first discipline, weights & sizingrequired only an
initial guessfor the requiredmass ratio inaddition to
the five design variables. Performancereceivedonly
four of the design variables, plagrodynamic data for
each ofthe fineness ratiosand the gross weight
predicted from the weights & sizing module.

The third discipline,Cost, requires all of the
subcomponent weightsalculated bythe weights &
sizing module. This would have required a prohibitive
number of coupling variables if all of this information
had to be passadithin the MDO environment. This
undesirablesituation wasavoidedsimply by fact that
the two analyses (weights & sizingnd cost) were
both run on the same computer platforfxcel
spreadsheets ithis case). A copy ofhe weights &
sizing spreadsheet was literally cut grastedonto the
cost estimation tool, CABAM. By passing tdesign
variables and the photographic scaling variable, length
to referencdength (L/Lref), CABAM could recreate
any desigrandthereforequickly analyzethe life cycle
cost of the system. The photographic scaling ratio,
L/Lref, was therefore generated byhe weights &
sizing module and fed forward to the cost module. The
performance moduleeturnedrequiredmass ratio and
the costmodulereturnediRR to the optimizer. The
requiredmass ratio was theoompared tothe initial
mass ratio guess toenforce the compatibility
constraint. IRR was utilized as the objective function
of the optimization process.

GeneticAlgorithm

The choice of variabledemonstrates aommon
occurrence in engineering practice. It is very often the
case that the design variables on which a team wishes
to perform trade studies are integer values. This poses
a problem when trying toperform optimizations
becausemost optimizationtechniques daot handle
integer variables well, if at all. For this study, all of
the design variablesvere integers. Therefore, the
logical choice ofoptimizer was a Genetidlgorithm
(GA). The compatibility constraint wamplemented
through the use of an exterior penalty functwithin
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Table 5 - Genetic Algorithm Settings

Population Size 300
Maximum Generations 40

Number of Seeds 5
Cross-over Probability 90%
Mutation Probability 10%

the objective function routine. Table 5 shows some of
the settings for the GA.

Face-centered central composite DOE experimental

arrays weregeneratedfor the weightsand sizing,
performance, and cost analysis disciplines. From these
three DOE experimental arrays,second-order
polynomial Respons8urface EquationfRSES) were
fitted to gross weight, L/Lref, MRreq'd, andIRR.
The use of ResponsBurface Methodology (RSM)
allowed simple integration ofseveral cross-platform
disciplinary codes. Additionally,the resulting
optimization could be executed very quickly.

Respons&urfaceEquations

The weightsand sizing spreadsheetvas used to
generateRSEs for gross weightand photographic
scaling ratio. Both responsesere expressed as
functions of six variables, (the fivdesign variables
and an initial MR guess). POST was used to generate
an RSE for required MR. CABAM was used to
generate an RSE for IRR. The IRR was expressed as a
function of six variables: the five design variables and
the photographic scaling ratio.

TRADE STUDIES

Once the response surfaces for each discipline were
generated, the system-level optimizationprocess
began. Becausdhe use of responssurfacesallowed
fast optimization, more informatiocould begained
from the design spaceéhan just the optimaldesign
variable settings. By sequentially constraineagh of
the design variables and re-performing the
optimization, technologytrade studies could be
performed. That is, onedesign variable can bkeld
constantand the other fourdesign variables can be



‘sub-optimized’aroundthat setting. Asweep of these
sub-optimums can bereatedfor each desigvariable.

In this manner, theesigner can determirihe effects

on the objective function (IRR@and other vehicle

parametergsuch as gross weightlue tonon-optimal

design variable choices insingle variable assuming
the others have been re-optimized.

Figure 5 illustrates thadvantage ofhis type of
information. As can be seen, the optimum
manifesting is three satellites. However, with a
constellation configuration of 20 satellitper orbit,
an additionalflight with a partial payload would be
required for each orbitgdlane (6 flights of 3 satellites
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plus 1 flight of 2 satellites). Figure 5 shows that the
penalty, in terms of progranRR, for selecting a
manifestation strategy of 4 satellites per launch is less
than 0.2%. Thealesign team irthis casedetermined
that this penalty was acceptable wheempared to the
additional costs associatedwith the partially loaded
flights. Thisdecision extends even furthsince the
optimal first stage engine iglifferent for the two
manifestation strategy choices. It follows that the
designermust adopt the RD-0120 engine if it is
desired tomanifest 4 satelliteper launch toavoid
partial payload flights in the initial constellation
deployment.

0.00
0.50 1
1.00 +
1.50 + 188 200
- 2004 531 -2.08 -2.13
S -2.50
% 2.50 1
= -3.00+ -3.11
3.50 1 -3.78
4.00 1
4504 -4.65
5.00 } } } } } f -—<
1 2 3 4 5 6 7 8 9
Number of Satellites
# Sat FS Eng SS Eng Matl  Fineness MRguess Wg (klbs) L/Lref MR IRR (%)
1 RD-0O120 STAR-63D  Ti-Al 8 3.90 81.27 0.76 3.88 -2.31
2 RD-0120 STAR-63D Ti-Al 8 4.54 154.26 0.85 4.50 -2.08
3 RD-190 TOS Ti-Al 8 5.75 293.06 0.74 5.74 -1.88
4 RD-0120 TOS Ti-Al 8 3.46 204.14 0.83 3.45 -2.00
5 RD-0120 TOS Ti-Al 8 3.78 248.53 0.88 3.79 -2.13
6 RD-0120 TOS Ti-Al 8 4.03 289.18 0.92 4.04 -2.50
7 RD-0120 TOS Ti-Al 8 4.22 324.83 0.96 4.20 -3.11
8 RD-0120 TOS Ti-Al 8 4.29 347.17 0.98 4.31 -3.78
9 RD-0120 TOS Ti-Al 8 4.29 362.41 0.99 4.32 -4.65

Figure 5 - Satellite Manifesting Trade Study




An additionalbenefit of performing these type of
trade studies is improved confidence in the
optimization process. If only thdesign variable of
interest is constrained and control of all othariables
is assigned to the optimizer (as was done in ¢thie),
the optimumwithin each designvariable sweepwill
also be theglobal optimum. Therefore, each design
variable trade study should reprodube same optimal
design variable settings. Figure 10 illustrates hbig
information is useful. The optimum in thfgure is

for 4 satellites and the RD-0O120 first stage engine at a

fineness ratio of 8. In performing the optimization at
8, the GAdid not select the combination afesign
variableswith 3 satellitesper launchandthe RD-190
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engine (as waselected in each othe otherone-
variable sweeps). We&now from performing the
additional optimization that this combination is
feasible (meets the compatibility constraiatidhas a
better IRR. Had only one optimization been
performed, the designers would haveassumed
(incorrectly) that the optimum shown in Figure 10
was the global optimurnior and the absolutebest’
answer that could be found.

Table 6 summarizes the results of tlrade
studies. The optimunsase isshown along with the
design variable choiceselected bythe design team to
select a fully manifested configuration.

Table 6 - Design Variable Selection

Design Variable Optimum Final Design
Number of Satellites 3 4
First Stage Engine RD-190 RD-0120
Second Stage Engine TOS TOS
Structural Material Ti-Al Ti-Al
Fineness Ratio 8 8

Figure 6 - Sirius Solid Model
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0.00
-0.50
-1.00
-1.50
-2.00 -1.88 -1.92
__-2.00
S
o ~2.50
o
-3.00
-3.50
-4.00
-4.50
-5.00 :
RD-0120 RD-190 RD-120
First Stage Engine
FS Eng # Sat SS Eng Matl  Fineness MRguess Wg(klbs) L/Lref MR IRR (%)
RD-0120 4 TOS Ti-Al 8 3.46 204.14 0.83 3.45 -2.00
RD-190 3 TOS Ti-Al 8 5.75 293.06 0.74 5.74 -1.88
RD-120 3 TOS Ti-Al 6 5.94 309.33 0.85 5.96 -1.92
Figure 7 - First Stage Engine Trade Study
0.00
-0.50 1
-1.00
g
x -1.50-
x
-1.88
-1.98
-2.00 1
-2.50 2.68
-3.004-
Orbus-21D TOS STAR-63D
Second Stage Motor
SS Eng # Sat FS Eng Matl Fineness MRguess Wg (klbs) L/Lref MR IRR (%)
Orbus-21D 3 RD-120 Ti-Al 6 5.43 286.04 0.82 5.42 -2.68
TOS 3 RD-190 Ti-Al 8 5.75 293.06 0.74 5.74 -1.88
STAR-63D 3 RD-0120 Ti-Al 8 5.05 223.11 0.91 5.07 -1.98

Figure 8 - Second Stage Engine Trade Study
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-0.50

-1.00]

-1.50

IRR (%)
N N
o o
2

-3.004

-3.50

-4.00

-3.31

-4.18

-1.88

Al Graphite Epoxy Ti-Al
Structural Material
Matl # Sat FS Eng SS Eng Fineness MRguess Wog (klbs) L/Lref MR IRR (%)
Al 2 RD-0120 TOS 8 2.25 167.81 0.67 2.24 -3.31
Graphite Epxy 2 RD-0120 TOS 8 2.38 140.26 0.68 2.35 -4.18
Ti-Al 3 RD-190 TOS 8 5.75 293.06 0.74 5.74 -1.88
Figure 9 - Structural Material Trade Study
0.00
-0.50 +
-1.00 +
S
x 150+
ox
192 -2.00
-2.00 +
-2.48
-2.50 +
-3.00
7
Booster Fineness Ratio
Fineness # Sat FS Eng SS Eng Matl MR guess Wg (klbs) L/Lref MR IRR (%)
[§] 3 RD-120 TOS T1-Al .94 309.35 0.85 0.96 -1.92
7 3 RD-0120 TOS Ti-Al 3.14 185.33 0.83 3.25 -2.48
8 4 RD-0120 TOS Ti-Al 3.46 204.14 0.83 3.45 -2.00

Figure 10 - Booster Fineness Ratio Trade Study
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VEHICLE DESIGN RESULTS

Figure 11 is the 3-viewdrawing ofthe converged
Sirius concept corresponding tthe selected design
variables. Sirius is a two-stage-to-orbit (TSTO) all-
rocket system. The first stage is a reusable Vbody
designpowered by anRD-0120 LOX/LH2 engine.
The secondstage is an existingxpendable Transfer
Orbital Stage (TOS) solid propellant motor. Ta&ther
Deployment System (TDS) issed toboth circularize
the satellites in the final orbitand de-orbit the
expendedupper stage. Th&OS, the TDS,and four
Orion satellitesare carried inthe boostepayload bay
during ascent.

Following avertical liftoff from Wallops Island,
VA, the booster returnsin-poweredfor a horizontal
landing in Roosevelt RoadBR. The Sirius booster
is post-processed and loaded o-& transporiaircraft
for return to the Wallops facility.

I 108 ft }

Ton

)47 56.57 !\—b‘

@ DIEL

4 Orion
Satellites

TOS Upper
Stage

Payload Bay Vehicle Characteristics:

LH2 Tank (19 tlong

(

LOX Tank

Figure 11 - Sirius 3-view

j; Tether Deployment

Gross Weight: 280,500 Ibs.
Dry Weight: 32,400 Ibs.
Payload Weight 6300 Ibs.
Mass Ratio 1: 4.26
Mass Ratio 2:

)
D ]
‘ \_LU S

3.32

Upper Stage
Ascent
K

Booster Ascent

.
Unpowered Glide

Horizontal Landing

Figure 12 - Mission Flight Profile
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sirius tsto launch vehicle

moc—H——»r

-106 -91 -76 -61 -46 -38
LONG TUDE

Figure 13 - Booster Re-entry Trajectory

The gross weight of the launch system is
approximately 280,500b. and the dry weight is
32,400 Ib. Sirius uses amoderate lift-to-dragving
body configuration which trims subsonically &t &d
hypersonically at 40with body flap deflection. The
booster required mass ratio is 4.26. The booster stages
at 15,450 fps at 349,000 feednd the upperstage
inserts thepayloadinto atransferorbit of 417 nmi x
102 nmi x 88 inclination. Thevehicle is primarily
constructed of Ti-Al hot structure which eliminates the
needfor tile thermal protection system (TP®yer
much of the vehicle. Areas that experience the highest
heat ratesare protectedwith advancedcarbon-carbon
(ACC).

A life cycle costandbusiness economic analysis
using CABAM showedthat the Sirius system was
able to make a 1.1% internal rate of return (IRRh
only the Orion satellite deploymentnissions as a
source ofrevenue(assuming that only one satellite is
manifested pefaunch in the replenishment phase of
the contract). Aggressivedevelopment and test
assumptionswere used.For example, the prototype
was assumed to be convertadto the operational
vehicle. By enteringadditional commercial launch
markets, requiring the Orion corporation to pay 90%
of the launch price for the initial constellation
deployment inadvance, andallowing for multiple
manifestation of satellites in the replenishment phase,
the Sirius program can achieve a remarkabRR of
39.2%. Entry into these new markets atogtimum
payload delivery price of$850/Ib. will not only
improve profitability, but will alscserve tostimulate
the growth of futurespacemarkets (such aspace
tourism, space-basedmanufacturing, and human
exploration of the solar system).



AIAA 97-3122

optimization processand replaced by golynomial
equation. Thesolution to this problem is tensure
that the disciplinariansunderstandthe process and
know how the information that thegre generating is
being used. It is extremelynportant, therefore, to
involve the disciplinarians in evaluating the results of
the optimization process.
Figure 14 - Sirius Isometric View
3. Theadvantages othis processare the ability to
analyze a large portion of thdesign spacehe ability
to directly handle discretgariables, the ability to
perform disciplinary analyses in parallehnd the
ability to design tocost. In this mannerpoint
designsare generated in aery speedy andefficient
manner. Tradestudiesare easily performed anassist
the designers in making informed decisions.

Figure 15 - Sirius Top View

VehicleConclusions

4 1. Itis possible, using a methodology similar to one
' - presentedhere, to design a new launchystem
specifically for deploying a Mega-LE®©onstellation.

However, if such asystem isused only for the
constellation deployment, it is unlikely that the
project would befunded due tolittle or no profit
potential.

Figure 16 - Sirius Side View

2. Oncesuch as system is built, entry inturrent
launch markets at launch prices substantidglow
those offered today will stimulate future launch
Figure 17 - Sirius Rear View marketsand provide additionalprofits to offset the
significant initial investment. The profitability of the
launch system when thesadditional markets are
considered is sufficient enough to attract investors.
CONCLUSIONS
3. The demands on a launch system faeploying
large constellationsrequires ahigh degree of re-
usability in the design. Use of existingardware
components can reduce development time and costs.

MethodologyConclusions

1. RSE generation inherently incurdosses of
information and accuracy. Carefulattention must
therefore be taken to analyze the fit and accuracy of the
RSE. If the limitations of the RSHEre understood,
the RSE can be used to perform many calculations in a
short time, to integrate these calculations onto a single
platform, and tolearn a greatleal about thedesign
space.
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2. The most serioudisadvantage othis process, in members provided assistance as shown:

our opinion, is the feeling of alienation experienced by
the disciplinarians since thegre removedfrom the

12



AIAA 97-3122

PeterBellini 6. Brauer, G. L., et. al. “Program to Optimize
Layout and Packaging (CAD) - Created and Simulated Trajectories (POST).” NASA contract
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Performance - Optimized ascent and re-entry

. . 7. Gage, P. Genetic Algorithm Software for
trajectories.

Optimization Tasks, Aircraft Design Group,
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Hosung"Mike” Lee Stanford University, 1994.

Economics and Cost - Used cost estimating
relationships and other business parameters to generate
life cycle cost data and key economic variables.

8. Olds, J. R., Lee, H. “Application of a New
Economic Analysis Tool to a Two-Stage-to-Orbit

Operations and Facilities - Assessed vehicle RBCC Launch Vehicle Design.” AIAA 96-4092.
operational scenario including fleet size, turnaround Presented at the 6th AIAA/NASA/USAF
time, and operating manpower requirements. Multidisciplinary Analysis and Optimization

Symposium, Bellevue, WA, September, 1996.
Kimberly Steadman
Aerodynamics - Provided vehicle aerodynamic model
and generated aerodynamic data throughout the vehicle
flight regime.

Aeroheating - Estimated vehicle peak surface
temperature and evaluated thermal protection scheme.
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