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ABSTRACT NOMENCLATURE
This paper presents a new conceptual launchCt thrus't.co.eﬁicient
vehicle design in thBantam-X payloadtlass. The new s specific impulse (sec.)

design iscalled Stargazer Stargazeris a two-stage-to- q dynamic pressure (psf)

orbit (TSTO) vehicle with aeusable flyback booster TIWe engine thrust-to-weight ratio

and anexpendabld OX/RP upper stage. Itpayload is INTRODUCTION

300 Ibs. to lowearthorbit. The Hankey wedge-shaped

booster ispowered byfour LOX/LH2 ejector scramjet The goal of NASA’'s Bantam-X program is to

rocket-based combined-cycle engines. Advanced identify key vehicle technologieshat will enable
technologiesare also used inthe booster structures, significantly lower cost launch services for the ultra-lite
thermal protection system, and other subsystems. and small payloadcommunity. This 300 Ib. — 500 Ib.
payload class is often associated with University
Details of theconcept desigrare given including  Explorer scientificmissions. Budgetsfor theseflights
external and internal configuration, mass properties, are typically limited (less than $1M - $1.5Mor a
engine performance, trajectorgnalysis, aeroheating dedicated flight), but scientific and educatiomalue can
results, and a concept cost assessment. Thed@san be significant. Aggressive new concepts and
was determined tohave agross mass of 115,450 Ib. technologiesare needed toaddressthis potential user
with a booster length of 99 ft. Recurring price per flightbase. NASA has segregated its program into
was estimated to b$3.49M. Theoverall conceptual technologies suited for aear-term launch vehicle
design procesand the individual tools and processes solution (initial operational capabilithefore2005) and
usedfor eachdiscipline are outlined. A summary of those more suited for an 10&round 2008 — 2010.
trade study results is also given. Airbreathing propulsion technologies are included in the
latter set.

This paper summarizes part of an 18nonth
T- Assistant Professor, School of Aerospace EngineeringBantam-X conceptstudy conducted by the Space
senior member AlAA. Systems DesigrLaboratory at Georgia Techith the
™. Graduate Research Assistant, School of Aerospace support and collaboration of NASA MarshallSpace
_ Engineering, student member AIAA. Flight Center. Thestudy goal was to investigate a
- Aerospace Engineer, Vehicles & Systems Developmenomising concept based on rocket-based combined-
Department, member AIAA. .
cycle (RBCC) propulsion for longeange Bantam-class
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Fig. 2. StargazerMission Profile.

Fig. 1. StargazerConcept. DESIGN PROCESS & DISCIPLINARY
ANALYSIS
CONCEPT OVERVIEW
Stargazer was designed using a collaborative,
As shown in Fig. 1, th&targazerconceptuses a Multidisciplinary integrated design team approatam
Wedge-shaped)oosterderived from a Hankeywedge membersexecutedndividual disciplinaryanalysistools
forebody configuration. Hankey wedges (asymmetric in an iterative conceptual design procesgchanging
wedge with rounded shoulders) have been showrawe information and data files, for each candidate
an attractive Compromigaetweerhigh hypersonic lift- configuration until the propellant maséractions for
to-drag ratio and volumetric efficiency for internal €ach mission segmentvere convergedThe overall
packaging. Booster propulsion is provided by four Design Structure Matrix (DSM) for th&targazerdesign
LOX/LH2 ejector scramjetRBCC enginesmounted Process can be seen in Fig. 3. The boldedrbpresents
underthe wedge onthe windward side. The booster is the main disciplinary iteration loop, the detailsvdfich
fully reusable. Stargazer uses a small, lowcost are shown in Fig. 4.
expendabld. OX/RP-1 upper stage tplace a300 Ib.
payload into low earth orbit.

ConfiguratioH

MISSION PROFILE

Aerodynamicp

Stargazeiis a horizontal takeoff, horizont&nding :
vehicle. Itoperates from aotional airfield at Kennedy J Heration
Space Centerlnitial acceleration occurs in ejector Loop
mode. From aboutMach 3 dual mode LH2 Operations
ramjet/scramjetare used to acceleratee booster and
enclosedupper stage to Mach 10 along 22000 psf '
dynamic pressure boundaffjig. 2). At Mach 10, the Economics
booster uses its internal rocket modeatzelerateoff of
the gboundary to ahigh altitude Mach 14 staging Fig. 3. StargazerDSM.
point. The upper stage is jettisoned as thgnamic
pressure falls to below 2 psf. The booster therforms Design structure matriceare auseful mechanism

a descendingurnaroundand initiates a ramjeppowered for showing the data interdependencies in a
flyback to KSC while the upper stage ignites and multidisciplinary design process. Ithe diagrams, lines
accelerateshe payloadinto a 200 nmi.circular low above the disciplines on ttitagonal represertatathat
earth orbit with a 2-burn trajectory. must flow “downhill” from one discipline to a
subsequent discipline.Lines below the diagonal
representdatathat is fed back “uphill” to a previous
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discipline, therefore requiringiteration between the variables are subsequentlydetermined. Ordinarily, a
disciplines. The main iteration loop exhibits strongmatrix of two orthree estimatedengths and two or
coupling among the propulsioperformance (trajectory three mixture ratios are performed toallow rapid
optimization) and weights & sizing disciplines. The interpolationduring the subsequent scalingnd sizing
aeroheating (thermal protectiystem) discipline is process.

rather weaklycoupledwith the otherthree beyond the
first iteration. For the Stargazer design, an initial propellant

packaging configuration wasreated inthe SDRC I
DEAS solid modeling software system. However, given
Propulsion that Stargazeris constructed oimple shapegwedges,
cylinders, elliptical domes), it wasletermined that
analyticalmodels ofthe fuselagevolume andindividual
tank volumes could be created from geometry
relationships. Therefore, subsequent configuration
Aeroheating analysis forStargazerwas evaluatedanalytically using
| geometric relations in a Microsoft Excel@readsheet.
Weéghts The analyticalspreadsheeatas verified using SDRC |-
Sizing DEAS. This analyticamodel results in a morexact
estimate of volumetric packaginefficiency than the
Fig. 4. Main Iteration Loop. baseline interpolatedesults from the CAD program.
Given a requiregbropellant mixture ratiorequired LOX
At the beginning of thedesign exercise, a propellant load,forebody wedge angle, and engine
brainstorming sessiomccurred in order to create an length, thespreadsheet determinedl tank and vehicle
initial configuration. During this session, all analystslengths, surface areasand volumes. To expedite data
had a chance tayive inputs. Next, the first two exchange with the weights & sizing discipline, the new
disciplines in Fig. 3 iterated to find a feasilpleckaging configuration spreadsheewas directly integratedwith
and aerodynamic configuration. Once a feasible the weights & sizing spreadsheet.
configuration wasdeterminedthe analyses inFig. 4
iterated to find a convergegyroperly scaleddesign to The internal fuselagevolume of the Stargazer
deliver the 300 Ib. payload. Vehicle convergence was booster isoccupied byseven propellant tankand the
based on a relative tolerance of 0.1% applied to both thsternalcargobay that holds the upper stadategral
dry andgross weights. The operatioasd economics LH2 tanks follow theforward andaft fuselagemold
disciplines inFig. 3 were analyzed after aonverged lines. A center longitudinal LH2 tank is mounteelow
design was created. Additional details on the the payload bay. The relative lengths of théour
assumptions that went intaliscipline and selected propellant tanks in the maiiuselagesection (one LOX
results fromeachdisciplinearegiven in the following and one LH2 on each side) can bechanged to

Performance

sections. accommodate aequired LOX/LH2 mixture ratio. A
three-view forthe final booster configuration is shown
Configuration in Fig. 5. The final configuration wasecreated in |-

DEAS. Fig. 6. gives a cutaway view of the CAdbdel
For most conceptual designs performed atShace  showing the internal tank layout.

Systems Design Laboratory, the processlafining the
external and internal geometry is an iterative one Aerodynamics
between the aerodynamics engineerand the
configuration (CAD) engineer. For astimated vehicle The aerodynamic analysis for Stargazer was
length, the configurationengineer lays out the performed using the conceptual designtool called
propellant tanksand payloadbay within theavailable Aerodynamic Preliminary Analysis System (APAS3).
fuselagevolume according tothe requiredmixture ratio APAS wasdeveloped byRockwell International as an
between LOX and LH2. Reference propellant tank aid in the design ofthe SpaceShuttle. Coupledwith
volumes, fuselage surface areas, and other key geomettieco othercodes,Uniform Distributed Panel (UDP) for
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Fig. 5. 3-View of BaselineStargazer

Fig. 6. StargazerTank Layout.

low speed analysis and Hypersonic Arbitrary Body
Program (HABP) for high speed analysis, APAS
provides a quickand effective tool for calculating the

aerodynamic force coefficients of a given launch vehicle. 0.0

The Stargazerbooster fuselage islerived from a
Hankey wedge forebody. The Hankey wedge, a
symmetric wedge with rounded shoulders, hasheen

shown to yield an attractive compromise between a high

hypersonic lift-to-drag ratio and a high internal
volumetric efficiency for propellant. A 5.25°wedge
half-angle was somewhat arbitrarily chosenbtdance
the competingheeds of dow drag profile and adequate
forebodycompression for the propulsi@ystem.Trade
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planformarea (extendethto thefuselage)was taken to
be 86 Ib/ft. The resulting wing planfornareafor the
final configuration is 1,325 ft Wingtip controller
planform area was 2.5% of wing area for each
controller.

APAS requires input of the vehicle external
geometry and parameterssuch as thereferencewing
planform area, leading edge sweep angle, wing thickness
ratio (4%), and an estimate of the center of graGgfo
back from the nose). While rudimentary techniques exist
to transferthe external geometngurface datarom |-
DEAS to APAS, in thiscase, the geometry was
recreateddirectly within APAS using its geometry
editing tools. Analysis waperformed atseveralflight
conditions along thexpectedlight path. The analysis
points are input via 8 - 10ordered pairs of Mach
numberandaltitude and arange of angles-of-attack for
each. Sideslip angles were not considered.
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0.00 |&&
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Fig. 7. StargazerDrag Polar.

Using APAS, tables of lift andrag coefficients for
each angle-of-attack at eacMach number were

studies could beperformed to determine a more produced. A sampldragpolar from APAScan beseen

optimum wedge half-angle.

Wings swept ab5° provideprimary lift at takeoff
and landing. Verticalwingtip controllersare used for
active lateral control (buarenot sizedfor static lateral
stability). The subsonic analysisodule of APAS
(UDP) is not well suited to low speed analysis of
winged wedges, saequired wing planform area was

in Fig. 7. Pitching momentcoefficients were also
generated, but the subsequent trajectoalysisdid not
consider trim. The entire aerodynamic database of
approximately 500aerodynamic coefficientsvas thus
created and provided tahe trajectory analyst. The
Stargazerdesign processised aphotographic scaling
approach tomatch internal propellanioad to the
required propellant. Therefore, the relative external

determined by estimating the maximum wing loading ageometry did not change as the vehicle was resized. The

takeoff. Takeoff weight divided by theoretical wing

4

aerodynamic coefficients remainednstant whileactual
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values of lift and dragforces dependedonly on the
rescaledving area.Thus theaerodynamicanalysis was
only necessary atthe beginning of the entire
convergence process.

Propulsion

The propulsion system analysis waerformed
using the ‘Simulated Combined Cycle Rocksaigine
Analysis Module’ (SCCREAMJ.SCCREAM is aone-
dimensional analysisodethat is capable of analyzing
all modes of RBCC engine operation. The finatput
from SCCREAM is anengine deck preformatted for
use in a trajectorysimulation program. Thisngine
deck includes engine thrust, thrust coefficient, apdof
a range of altitudesand Mach numbers foreach
operating mode.

The Stargazebooster stage usésur liquid oxygen

AIAA 99-4888

capable of producing 20,200 Ibs. of thrustSatS, with
an L, of 421 secondsUsing this process of specifying
an inlet area and a requirdthrust takeoff, theinitial
secondary-to-primarpypass flow ratio is an output of
the propulsion analysis. For thetargazer the
secondary-to-primary flow ratio at SLS was 3.5.

Table 1 provideshe internal enginggeometry
values and fuel injection properties for a single
Stargazetengine.With a minimum internatontraction
ratio of 1.95, the lowest possiblglach number at
which the inlet could start for ramjet operation was
Mach 2.9. The inlet is never able to stduring ejector
modeoperationbecausedhe inlet throat must belosed
down to limit thesecondanflow rate, whichdrives the
Mach number at theexit of the mixer section. A
maximum mixer exit Mach number of 0.8 wsgecified
in SCCREAM. AtMach numbersgreaterthan this,
experimental work has shown the flogan trip and

and hydrogen ejector scramjet (ESJ) engines to become supersoniaupon entering the combustor,

acceleratdhe vehicle to the stagingoint atMach 14.
The RBCC engines alsprovide the return tolaunch
site capability when cruisingnderramjetmode power.
Fig. 8 shows the engine layout and station
identificationsused by SCCREAM. The engineswvere
mounted on the loweside of the vehicle, which
provided 5.25° of forebody compression.

—
A2 A3 A3' A4 A5 Ae Ae'

Al A*

Fig. 8. StargazerESJ Engine Configuration.

An engine cowl height of3.0 feet for the final
scaled booster wasdetermined based on Blach 10
shock-on-lip conditionEach engine width 06.4 feet
was dictated by the final scaled booster width. A
variableinlet geometryand exit nozzle were assumed.
For the finalscaledbooster, the total enginkength,
including a Mach 10 inlet, was estimated to be 27 ft.

A LOX/H2 rocket primary with achamber pressure
of 2,000 psiand anejector modemixture ratio of 8.0

generating excessive performance loéses.

Table 1. StargazelESJ Engine Data.

inlet area, A 16.23 ft
primary throat, A 0.412 ff
mixer area, A 9.02 ft
combustor break, A 12.62 ft
combustor exit, A 16.42 ft
maximum exit area, A 52.75 ft
combustor efficiencyn, 95.0%
nozzle efficiencyn,.,, 98.5%
friction coefficient, f 0.001
fuel inlet temperature, T 500.0 R
fuel injection velocity, Y 4,000 ft/s
fuel injection angle, 0.0 deg

Fig. 9 shows the netpecificimpulse versuddach
number during ejectomode operation.Between Mach
3.0 and 3.5, transition toramjet mode is modeled by
linearly throttling theejector mode dowrnwhile the

ramjet mode is ramped up. Fig. 10 shows the net thrust

coefficient (GQ) versus Mach number for ramjet and
scramjet mode operation forsingle engine. To obtain

wasselectedThe enginesvere sized at sea-level-static the thrust coefficient, the thrust wasrmalized by the

(SLS) conditions to meet theehicles’ overalltakeoff
thrust-to-weight ratio of0.7. Each engine isthus

5

dynamic pressuréy) andinlet area of16.23 f£. Note
that the propulsionforce accounting system in
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SCCREAM is cowl-to-tail. All forebody pressures are
included in aerodynamidrag calculated by APAS.
Forebody calculationare performed iNSCCREAM to
determine mass capture at varidlight conditions, but
the pre-compressiosffects arenot used toreduce the

cowl-to-tail thrust coefficients ang,k.

Evident in Fig. 10 is thesignificant increase in
performancedue to the inlet starting atMach 2.9.
Additionally, anequivalenceatio of 1.0 isobtained at
Mach 3.5 without
increasing the thrust of the engildg. 11 shows the

unstarting the

net specific impulse in ramjet and scramjet modes.
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When operating inthe all-rocket mode between
Mach 10 and Macli 4, Stargazergenerates anaximum
of 76,700 lbs. of vacuum thrust, at a vacuugof 442
seconds. The rockgterformancecalculationsused the
same rocket primargubsystem from thejector mode,
operating with an assumed expansion ratio of 418 a
more optimalrocket-modemixture ratio of 7.0. The
high exit expansion ratio is meant taccount for
aftbody expansion along the trailingvedge of the
fuselage.

Performance

The trajectory analysis wamrformed bythe three
degree-of-freedorwersion of the Program to Optimize
Simulated Trajectories -ROST. POST is d.ockheed
Martin and NASA code that is widely used for trajectory
optimization problems iradvanced/ehicle design. It is
a generalized event-orientedode that numerically
integrates theequations ofmotion of a flight vehicle
given definitions of aerodynamic  coefficients,
propulsion systentharacteristics, weight models, etc.
Numerical optimization is used to satisfy trajectory
constraints and minimize a user-defined objective
function. Multiple objective functions and simultaneous
trajectory branches cannot currently be defined in POST.

As can be seen in the mission profileg. 2), the
Stargazettrajectory is a branching trajectory because the
flight path splits at the staging point. Thus,drder to
model theStargazeitrajectory efficiently it wasnodeled
as three separateOST inputdecks — one for the
ascent trajectory subproblem, one for the orliitahch
subproblem, and one for the booster branch
subproblem Eachsubproblem has its owindependent
variables, constraints, and objective function. (Note that
because otonflicting objective functions, thisvay of
simulation will not necessarily result in aoptimal
overall trajectory.Research to correthis deficiency is
currently underway at SSOY)..

The ascent trajectorgeck involves the portion of
the flight from horizontatake-off to staging atMach
14. The trajectory is constrained by anaximum
dynamic pressure boundary, a 3g accelerdiioit in
rocket mode,and awing normalforce limit of 1.75
times the gross takeoff weight. Themer is used as a
surrogate forlimiting internal engine pressures and
external heating rates. The choseimg normal force
limit represents a compromibetweenwing structural

American Institute of Aeronautics and Astronautics
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weight and amore fuel-optimal, sharp pull-up at the costs, a small low-cosexpendableupper stage is
beginning ofrocket modetransition (Mach 10). The desirable. However, increasinghe staging Mach
dynamic pressure boundattyat Stargazerflies is 2,000 number too much significantlyncreasesthe flyback

psf during the ramjet and scramjet modes betwWwéach  distancefor the boosteand thus leads to avery large

3.5 and 10. The transitionsbetweenthe four engine and operationally expensive booster. Trade studies, to be
modes (ejector, Mach 0 — Mach 2.5; ramjet, Mach 3.5 introduced later, identified Mach 14 as areasonable
Mach 6; scramjet, Mach 7 — Mach 10; and rockéach  compromise for low recurring costs.

11 — Mach 14) are modeled as a linear ramp down of the -
preceding modand alinear ramp up of the following
mode. The staging vector at Mach 14 (weight, altitude, 561

longitude, latitude, velocity, flight path angle, and
azimuth velocity) must bsupplied to the uppestage
and flyback branches. The objective of thascent
trajectory is to maximize the weight at staging.

26 o7

moc—H——>»r

The upper stage deck is the simulation of tbper
stage from staging to orbital injectiofter a five 34
secondcoast, the upper stage engine is ignited it
flies a trajectory controlled bpitch angles. Thengine
runs for about 23Gecondsand then the upperstage Fig. 12. StargazerGroundtrack.
coasts until theapogee o200 nmi. isreached. Athis
point, the engine is restarted to provide an instantaneous The booster and flyback trajectories were sent to the
velocity incrementheeded tccircularizethe orbit. The aeroheating analyst. The actual mass ratios (MR = gross
trajectory is constrained by samooth pull-up atocket weight/burn-out weightand the booster mixture ratio
ignition andorbital termination criteria. The objective were given to the weightsand sizing analyst.These
of the upper stage trajectory is to maximize the weightalues were: ascent MR = 2.28scent mixture ratio =
at the end of the trajectory. 1.32, flyback MR = 1.38andupper stage MR 3.33.
Boostertime of flight, approximately one hour, was
The flyback trajectory, fronstaging to return to passed to the operations analyst. The groundtrack for the
KSC, is controlled by angles-of-attac@ndbankangles entire three trajectorieappears inFig. 12. Fig. 13
usedfor the turnaround toKSC, thealtitude at which shows a closeup of the turnaround and flyback.
the turn begins, the heading coming out of the turn, and

LONGITUDE

36

the time at which the ramjet is turned on. Tiagectory a5
is constrained by the termination conditions at KSC and ]
the conditions at which the ramjean be startedThe ) seomn SRk

ramjet flyback itself isconstrained taesult in flight of
a constant heading at a constant altitude of ™
approximately 70,000 ft., while maintaining Magltb. ol /

The objective of the flyback trajectory is tainimize ] %

the weight of the fuel consumed. 2| Retur Leg /

291

moc—H——>r

Ramjet On

The rocketmodetransition forStargazerbegins at S A UL N
Mach 10. Mach 10 was chosen as a conservatiper
end for scramjet propulsion. While there is avantage
in reducedgross weight to béad from higher Mach Fig. 13. Closeup of Turnaround and Flyback.
airbreathingmodeoperation,disadvantages iterms of
higher inlet (engine) weighand reducedpropellant bulk  Aeroheating
density also appear. The staging pointMzch 14 was
chosen as a compromise between boosterasidepper The thermal protection systermrequirements for
stage size. Since the goal is fieduceoverall launch Stargazemwere evaluatedsing the MINIVER code and

LONGITUDE
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NASA Ames’ TPS-XdatabaseMINIVER is a thermal
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maximum radiation equilibrium temperaturecalculated

analysis code that was written by NASA that performs &y MINIVER based on th&targazertrajectory,whereas

2-D flow analysis over the vehicle.Input into
MINIVER is the trajectory (altitudeyelocity, angle-of-
attack, and sideslip as a function of timeand the
vehicle geometry. MINIVER models thevehicle

geometry with simple geometries such as flat plates to

model wings and swept cylinders to modelleading
edges. It producesenterline temperaturdistributions,
convective heat rates, and heat loads tversimplified
vehicle; theseare calculatedusing empiricalmethods
such as thdray-Riddell Stagnation pointmethod and
the Eckert’s Referenceenthalpy method for flaplate
heating.

Once MINIVER had beenrun, appropriate TPS
materialswere selectedrom a databaseThe database
chosen for theStargazerdesign waghe NASA TPS-X
material database, available on the NASA Armernet
site? Given the centerline temperaturdistributions,
TPS materials were chosen. TPS unit
thicknesses, and area coverage percentagesvere
calculated based otihe results from MINIVERand the
TPS-X database. Thesaumbers were given to the
weights and sizing analystand the TPS typeswere
given to the operations analyst.

Aeroheating analysis wasot performedfor every
trajectory analysis. Becausethis analysis took a long
time to perform and the coupling to the weights &
sizing discipline wasveak afterthe first iteration, it
was only invoked when major configuration or
trajectory changes occurred. Work is being donease
this entire aeroheatin@nalysis procesautomated and
thus quicker.

A graphical representation ofPS used for the
baseline Stargazercan be seen irFig. 14. Flexible
TABI blanketsare usecrimarily on theleeward (top)
surface. Ceramid@ UFI tiles are used orthe windward
surfaces. Ultra-high temperatureeramic (UHTC)
materialsare used ornthe smallradiuswedge andwing
leading edgedJHTC's are analternative technology to
actively cooled sharp leadingedges and areapable of
withstandingsurface temperatures ofearly 4500° F.
Reinforced carbon-carbotiles are used inthe high
temperaturenose regionsetweenthe UHTC and the
TUFI tiles. Table 2 summarizes th€PS types, unit
weights, and percentages of the total external weitteal
covered by each. The second colulists values of the

8

weights,

the third column lists the maximumsustainable
temperature of the material.

UHTC

& Reinforced Carbon-Carbon Tiles

|4 A{'
W/LUHTC [/ TABI Blankets

[ TUFI Tiles

Fig. 14. StargazerTPS lllustration.

Table 2. StargazerTPS Types.

Type Calc. Temp. Unit % of wetted
Temp. Limit  Weight area
(F) (F°) covered
TABI 1850 2200 0.4 psf 48
TUFI 2300 2400 1.3 psf 48
RCC 2900 3000 2.3 psf 3
UHTC 3900 4500 1.5 psf  minimal

Weights & Sizing

The weights and sizing analysis targazeruses a
photographic scaling set parametricmass estimating
relationships (MER'’s) thathave a NASA Langley
heritage. This analysis iperformed on an Excel
spreadsheet. Using the results of the trajecamiglysis,
the upper stagandboosterare photographicallyscaled
up or downuntil the available mass ratioand the
required mass ratio match. As previously mentioned, the
weights and sizingpreadshedor the Stargazerbooster
and upper stage was linked to thanalytical
configuration/packaging spreadsheet. Since changing the
vehicle scale changdbe capture areagross weight,
SLS thrustrequirementsetc., the disciplines in the
main iteration loop in Fig. 4 must hierateduntil the
vehicle size converges (typically 4 or 5 iterations).

American Institute of Aeronautics and Astronautics
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The baseline MER’swere adjusteddownward by Dry Weight Margin Wi”f;;OOUP
%
linear scaling factors teeflectthe selection ofdvanced 13%
materialsand other technologies thatere selected for

Stargazer(note that the baselifdER's were for near- Other Systems
term constructionand materials). Primary booster 10%
structural materialsincluded graphite epoxy for the

propellant tanksand advancechetal matrix COMPOSIteS  1.eoft Goar Body rouPp
(e.g. titanium-aluminide) for other structure such as 8%

exposedwings, the wingcarry through, and verticals. Avionics

Other subsystemhighlights include an autonomous 2%

flight control system, highrate electromechanical ps

actuators, highpower density fuelcells, lightweight 14% Main Propulsion
avionics, a lightweighpower distribution system, and 13%

fiber cabling for vehicle healtlmonitoring. Theupper . Fig. 16 Dry Weight Breakdown.
stageusedmore conventional subsystem technologies

to reduce cost. Operations

For the baselin8targazerthe converged design had The operations analysis f@targazemwas evaluated
a gross weight of 115,450 Ibsnd a dryweight of with the enhanced Architectural Assessment Tool
34,750 Ibs. Theupper stageweighed 1,750 Ibs.  (AATe).” This tool, created at NASA KSC, is &ixcel
including the 300 Ib. payload. A graphical breakdown okpreadsheethat is a low fidelity ground processing
the percentages ofarious components of the boosteroperations model. Its inputsre in the form of
dry andgross weightsappears inFigs. 15 & 16. The qualitativeandquantitative answers to questioreated
booster used7,700 Ibs. of propellant: 36,600 Ibs. ofto vehicle tank placement,TPS data, vehicle
LOX and 41,100 Ibs. of LH2, 13,000 Ibs. afhich  dimensions, engine details, etc. The concept is judged in
were used for the flyback. several categories relative to a Space Shuttle baseline. Is
the concepexpected to be an order ofagnitude better
The weightsand sizing analysisprovided a great than the Shuttle with regards to operability? Tevders
deal information to the other analysts. Gross weightof magnitude?The resultsare aggregateéhto a final
upper stage weight, wingeferencearea,andmaximum  quantitative measure of the vehicle operability.
wing normalforce weregiven to the trajectory analyst.
All weights in the 28-point weighbreakdown structure Using this scoreAATe predicts ground operations
weresent to the cost analysRequiredsea-level static costs associated the reusable vehicle elements.
thrust wasused by the propulsion analysand the Assuming that the fictitious companyperating
configuration analyst used the actual vehicle StargazelBantam, Inc.) is able to shaseme common

dimensions. services across a largemtional spaceport akSC, the
. annual fixed operations costsvere estimated to be
Flyoack LH2 Other Fluids $1.97M. Variable costsper flight were estimated to be

Dry Weight $2.14M/flight. These cost estimatesinclude ground

30% labor costs, replacement hardware inventory and

replacementosts,and aproportional amount ofixed
base operating costs.

Ascent LOX .
32% Economics

The tools used for the Stargazer cost analysis

Upper Stage hocert 112 included CABAM** (Cost and Business Analysis
2% Module) and Crystal Ball’> CABAM is a spreadsheet
tool developed atseorgia Techhat utilizes parametric

Fig. 15 Gross Weight Breakdown. ) - ] ) i
cost estimating relationships (CER'’s) ¢ietermine the

9
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cost characteristicendfinancial feasibility of advanced Forecast: Booster Airframe TFU

spacelaunch vehicles. Crystal Ball© is third-party 029 29
add-on toMicrosoft Excel©® that utilizes Monte Carlo -
simulation techniques to determinghe possible %
outcomes when variability isintroduced into the %
problem. By combining these two tools, an analysis oft .o
the effects ofvariability in weightcan be completed. 00
The inputs to the cost analyshclude a weight $326 $334 $340 s348 $353
breakdownfor both the boosteand the upper stage, $M

technology and complexity assumptioasd operations
cost numbers.

022 21.75

.015

S
(52
Aouanbai4

Fig. 17. Sample Frequency Distribution.

The economic analysis assumes that Webicle Some economic results for the baselBtargazer
makes a maximum of 24 flights/lyear with thecan be seen irFig. 18 and Table 3. Theliability
development progranstarting in 1999. Stargazeris  insurancecost wasassumed to b&100K per launch.
developed andbuilt as agovernment asset, but is The LRU (line replacemenunit) hardwarecost is the
operated by a fictitious commercial company maintenancéardwarefor the boosterUpper stage cost
subsequently referred to as Bantam, Inc. Initial operating the average unit co$r the firstyear of production.
capability (IOC) occurs irR011 andthe programlasts The total recurring cost/flight was estimated to be
14 years after IOC (until 2025). Atlollars presented in $3.170M of whichover 50% isground labor costs
this analysis are stated in constant 1999 year dollars. Bssociated with operating the reusable boostiter the
reducefleet acquisitioncosts, only a singleStargazer addition ofthe 10%fee charged byBantam, Inc., the
booster is constructed. Othassumptionsnclude the total price charged/fight becomes $3.487M,

following,
Table 3. StargazerMean Non-Recurring Cost.

- the government pays all of the DDT&Hget

acquisition, and facilities expense. It Mean
em .
- the government subcontracts BantamInc. to Non-Recurring Cost
operate the vehicle 24 times per year. DDT&E $1,911M
« primary laborand other ground operations costs Booster Airframe $1,759M
are provided by Bantam Inc. Booster Engines $126M
« Bantam Inc. makes a 10%'fee" above the TFlijper Stage 222%"'\/'
recurring cost of the flight. Booster Airframe $366M
. . ) Booster Engines $172M
For the uncertainty analysis, triangular Upper Stage $2M
distributions were placed on each othe weight Total Non-Recurring Cost $2,451M

component groups with the most likely valwdsained
from the weight breakdown structure (WBS). To
account for expected weight growth, component weigt
rangedfrom -5% to +20% of themost likely value
provided bythe weight analyst. Utilizing Crystal Ball,
approximately 5,000 Monte Carlo uncertainty
simulations were run with CABAM. Thesemulations
produced a distribution of expected vehicle DDT&E co
and production cost. A sample output graph in ften
of a frequencydistributioncan be seen ifkig. 17. The
reported cost resultsreflect the mean, oraveraged,
values output from the Monte Carlo simulation.cést
margin of 20% wasincluded in addition to the
uncertainties.
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LRU Hardware Cost
s 14%
Upper Stage
26%

Insurance Cost
3%

Propellant Cost
1%
Labor Cost
56%

Fig. 18.StargazerMean Recurring Cost/Flight
Breakdown.
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significantly more than the $1.5Mecurring price  baseline vehicle. These Mach numbeenged from
target. Table 3 gives numerical results for Wedicle’'s Mach 11 to Mach 15; for each,canvergedvehicle was
non-recurring cost (note that only one booster isdesigned. The ‘best’ staging Mach number wsed for

purchased for this limited mission model). a fuel typetrade and amngine T/Wtrade.The baseline
Stargazemuses LOX/LH2propellants with arfassumed)
Expendable Upper Stage installed engine T/\Wof 20 (takeoffthrust divided by

total engine weight including inlet). &adestudy with
A quick-look assessment obtargazer's system the T/W, set at 15 wasevaluated.The fuel trade
conflguratlon and economicsindicated that the low evaluatedhe vehicle with d]ydrocarbonfue| with an

flight rate of Bantamclass vehicles would make it engine T/W of 15. The results of these trades are given
difficult to recoverthe pre-IOC investment of a fully in the following sub-sections.

reusable uppestage. Costtrends for the expendable

upper stageoption show thatlower up-front costs Staging Mach Number Trade

(DDT&E and TFU) and lower groundoperations cost

(less infrastructure and simpler integration) outweigh its A trade on staging Mach number was

disadvantage in expendalilardwarecost per flight. In  performed by varying that Mach number from Mach 11

addition, the reusable booster stage is significantlyto Mach 15. For each of these Mach numbers, a

smallerandlighter whencarrying an expendable upper convergedvehicle wasdesigned.The purpose ofthis

stage, which results in lower DDT&E, TFU and tradewas to see whictstaging Mach numberwould

operations costs for the booster stagehus, an resultin a vehicle thatadthe minimumrecurring cost

expendable upper stage was baseline&tamgazer per flight. Recurring cosper flight was chosen as the
dependentvariable for this trade because it reflects

A pressure-fecengine was initially envisioned to changes in both the booster and the upper stage.

provide asimple and cost effective propulsion solution

for the expendable stage. However, at low stagiagh The results from thisgradecan be seen ifrig. 19.

numbers the burn timeand propellant volume Recurring costand booster gross weighare plotted

requirementexceededhe practicallimit for blowdown against stagingVlach number indicatingsensitivities.

pressure-fed systems. The need to keep the tank weigliRecurring cosendbooster gross weigldre normalized

reasonable at thew stagingMach numberded to the in the plot by the baseline Mach 14 values.

decision to baseline pump-fedengine. The resulting

pump-fedengine is a LOX/RP-1 gageneratorcycle 14

operating at a chamber pressuresbd psia,arearatio 12 ‘_Lemss V‘Veigm

of 50, and an engine mixture ratio #f17. Theengine 9—Recurirg Cost

generates 1,750 Ib. of vacuum thrust with grofl 328

sec.

. 1.04
0.4 V\ / 1.02
Other major components of thexpendable stage 02 \"
include graphiteepoxy tanksand structureand a low o . - - - - o
production cost avionics suite. Models for the
subsystems & upper stage componentsere
incorporated into the weights and sizing model. Dry and
gross weights of the stageere determined bygcaling
the LOX tank to obtain the required stage mass ratio.

Normalized
Gross Weight (Ib)

(‘WNS) 150D Bulinday
anne|ay

Staging Mach Number

Fig. 19 Normalized Staging Mach Number Trends.

The plot shows that the minimurecurringcost is
achieved bystaging between Mach 13nd Mach 14.
Trade Studies Mach 14 is the integer Mach numb#rat has the

minimum recurring cost per flight. Before Mach 14, the
Several trade studies were performed on the upper stage cost has a dominant effectemurringcost.
Stargazervehicle. A stagingMach numbertrade was At Mach 15, the booster isery largeand replacement
performed to establish the staging Mach number for theardware andgropellantare the drivers in the higher
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recurringcost. Mach 14 wasthus used asthe staging
Mach number for all the other converged vehicles.

Engine T/WTrade

Another tradewas performed toweigh theeffect of
changing the RBCC T/\W The baseline T/\Mwas 20.
For the trade, that value waschanged to a more
conservative value df5. Thissuggestedhat alarger,
more expensive version obtargazerwould be the
result. The vehicle configuration,i.e, internal
component placemengerodynamicsand TPS layout
were the same as thaisedfor the baselineput the
vehicle was resized tcarry additionakengine weight. A
weight comparisoncan be seen inFig. 20. Cost
comparisonsare summarized inTable 4. Note the
increase in recurring price p#ight of nearly $250,000
due to the larger booster and larger TPS area.

Table 4. StargazerEconomic Comparison.

Stargazer Vehicle

Item LOX/LH2 LOX/LH2
T/W,=15  T/W,=20

Total DDT&E $2,018M  $1.911M
Total TFU $610M $540M
Propellant
Cost/flt. $0.034M  $0.030M
Labor Cost/flt. $1.929M $1.775M
LRU Hardware
Cost/flt. $0.491M  $0.452M
Upper Stage/fit. $0.827M  $0.813M
Insurance
Cost/flt. $0.100M $0.100M
Total Rec.
Cost/flt. $3.381M  $3.170M
Price
Charged/flt. $3.719M $3.487M

Hydrocarbon Propellant Trade

The baseline Stargazer used a LOX/LH2
combination of propellants. A fuédadewas performed
to investigate the effect of havinghgdrocarborfuel on
the booster. The hydrocarb8targazeruses fourejector
ramjet engines, asopposed tothe ejector scramjet

AIAA 99-4888
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Fig. 20 StargazerWeights Comparison.

Stargazer with a LOX/hydrocarbon propellant
combination, has the potential to greatheduce
recurring cost relative to the LH2 booster configuration.
The density ofhydrocarbons is greatethan LH2,
resulting in a smaller vehicland asmallerdry weight.
The DDT&E and TFU costs will therefore bereduced.
Operations are made simpler duetie factsthat 1) the
fuel is notcryogenicand 2)the vehicle’sTPS wetted
area is smaller. Thissignificantly reduceslabor and
materials costs wheassessed byhe AATe tool. The
combination of the vehicle using less propelland the
inexpensive cost ofhydrocarbon fuel, lowers the
propellant cost.Becausestaging still occurs atMach
14, the upper stage is similar in siaedcost to that of
the hydrogenvehicle. Totaling all theséactors in the
recurringcost, it can bededucedhat indeed arecurring
cost closer to the goal dB1.5M might beachieved
using hydrocarbon fuelWork on this trade iscurrently
progressing. Methane, proparmad JPfuels are being
considered and appear attractive for this mission.

SUMMARY

A new conceptual launch vehicle design,
Stargazer in the Bantam-X payloadclass hasbeen
presented(Fig. 21). Details of theconcept design
including external and internal configuration, mass
properties, engineperformance, trajectoryanalysis,
aeroheatingresults, and conceptcost assessmentere
given for the baseline vehicle. Details of tdesign

engines of thehydrogenversion. This means that the processusedhave been presentedesults oftrades for

hydrocarborversion fully transitions taocket mode at

staging Mach numbeandengine T/W wereshown for

Mach 7, not MacHL1. Preliminary results suggest thatthe vehicle.

using hydrocarbon propellants offers advantages.
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Fig. 21 Stargazer

The $3.487Mestimated price/flight ofthe baseline
LOX/LH2 Stargazerclearly doesnot currently meet the
aggressive goal set by tfBantam-Xproject. In fact, it 6.
is over twice the$1.5M price goal. Ground operations
cost associated with the booster is a significhivier in
the recurringcost (~60%). Preliminary resuliadicate
that higher densityand easier to handléydrocarbon
fuels might offer economic advantages.
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