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FOREWORD

ThisisVolumeIoffivevolumeswhichpresenttheresultsofthefirsthalf

ofthesecondShuttleContractExtensionStudy,Thisvolumecontainsa

concisesummaryofthestudyresultsandconclusions.
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INTRODUCTIONANDSUMMARY

Thisreportissubmittedtoaidinthecriticalshuttlesystemselec.

tionofDecember15th,andaspartofourcontinuingefforttodefine

low.costshuttlesystems,Ourobjectiveduringthetimeperiodcovered

bythisreportwastopenetratethemajorissuesaffectingtheselectionof

a spaceshuttlesystemfromthecontendingoptionsunderstudy:

o TheHOorbiter/ballisticrecoverableboosterseries.burncon.

figuration

o TheHOorbiter/ballisticrecoverableboosterparallel.burn

(rocket.assistedorbiter- RAO)configuration

o TheHOorbiter/flybackLOX/RPboosterconfiguration

Theboosterstudiescontinuedtoemphasizetheseries.burnballis.

ticdesign,butthedifferencesrequiredforRAOapplicationwereidenti.

tiedandevaluated,Inoursystemsstudies,however,amajorpartofthe

activityinvolveddefinitionoftheRAOconfigurationparametersand

technicalproblemareas,establishingapproachestopossiblesolutions,

anddevelopingprogramcosts,

Inassessingtherelativemeritsofthecandidateconfigurations,we

employedathree.stepprocess:

o Basedoncost,wenarrowedthefieldtotheballisticbooster

configurations

Usingcostandtechnicalriskfactors,weevaluatedtheseries.

burnvstheRAOconfigurationsoftheballisticboostersys.

tem

o Finally,weassessedthepotentialofreplacingtheballistic

boosterswithsolidrockets

Ourgeneralapproachintheconfigurationcomparisonprocesswas

toevaluateequivalentsystemsrelativetoeachofthemajordecision

pointsrequiredsothateachissuecouldberesolvedonitsownmerits,

Forexample,wetreatedtheparallel.',Isseries.burnquestiononan

equivalentorbiterenginebasisandseparatelyevaluatedthephased.en.

gine(J.2S/SSME)vsSSME(spaceshuttlemainengine)engine,only

issue,

Thescreeningandselectionprocessdescribedaboveisillustrated

inFigure1.
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Theconclusionsofourstudiestodatearesummarizedasfol.

lows:

Theearlyprogramcosts(DDT&Eandpeakannualfunding-

PAF)fortheflybacksystemarehigherthanthoseoftheother

systemsconsidered.(SeeFigure2.)Furthermore,thecost

risksoftheflybackconfigurationwouldoccurearlyinthe

developmentprogram.Sinceminimizationofcostandrisk

duringtheearlyyearsoftheprogramisconsideredtobeof

paramountimportance,weeliminatedtheflybacksystemfrom

furtherconsiderationintheselectionprocess

areasofcontrollabilityandboosterseparationaregreater,and

itssensitivityofpayloadlosstoinertweightincreasehigher

thanfortheseries-burnsystem.Weconsideredthesefactors

tomorethanoffsetthelowerriskofasmallerboosterde-

velopmentandthesomewhatmorefavorablesolid-rocket

motor(SRM)backoffpotentialoftheRAOsystem.Onbal-

ance,wefeelthatthetechnicalrisksarelowerfortheseries-

burnconfiguration.If,however,a solid-rocket-boostercon-

figurationisimposedbyfiscalconstraints,theRAOcon-

figurationlendsitselftoa somewhatlower-cost-per-flight

implementation.

Incomparingtheballisticboostersystems,weconsidereda

numberoftechnicalriskfactorsinadditiontoearlyprogram

costs.Thecostcomparison,theriskfactorsconsidered,and

oursystemassessmentrelativeto thesefactorsareshownin

Figure3. Weconcludedthatsystemcostsarenotlikelytobe

amajordiscriminatorbutthattheRAOtechnicalrisksinthe
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Insofaras thechoicebetweenaphased-engine(J-2S/SSME)or

SSME-onlyapproachisconcerned,initialuseoftheJ-2Sengineresults

ina larger(approximately1MlbGLOW)but lesscostly(approximately

$270MDDT&E)configurationthantheSSMEversion.Onthatbasis,

werecommendits consideration.However,if an SSME-onlyapproach

isdesired,werecommendtheuseof approximately1.2Mlbinstalled

thrustineithera three-orfour-enginearrangement.Thisminimizes

SSMEdevelopmentcost.

STUDYOBJECTIVES

Attheconclusionofthe previousfour.monthstudyextension,

wereportedontheconfiguration,technical,andcostissuesof theseries.

burn/ballisticboosterandflybackboostersystems.Weconcludedthat

theHOtankorbitershouldbebaselinedandthat phaseddevelopment

of theorbiterofferssignificantcostsavingsduringtheearlyprogram

phases.AllsubsequentstudiesthusbaselinedtheexternalHOtank/

orbiterandassumedphaseddevelopmentofavionicsandTPS.The

issueof enginephasing,however,remainedopen,andoneoftheob.

jectivesofthe secondcontractextensionstudywastheresolutionof

thatquestion,Themajorstudyobjectivesaresummarizedin Figure4.

Primarily,wewereconcernedwithdevelopingsufficienttechnicaland

costdatato allowa comparisonandevaluationoftheconfigurations

andsystemsshownin Figure5, Themajorstudyemphasiswasplaced

ontheboosteraspectsof thesystemsshown,sincetheorbiter/tank

combinationsareessentiallyinvariant(exceptfortanksize)acrossthe

e Compare&EvaluateFlyback,Series.BRB,&RAOShuttleSystems

e RecommendMostPracticalinLightofTechnicalFundingLimitations

e ReportBRBDetailDesignData

e IdentifySRMBackupCapabilityfor8RB

e ShowPerformance/CostDifferencesforJ.2S/SSMEvsSSMEOnly

e ReportSwing.EngineStatus

configurationsstudied.Thereportonboosterdesignstatusthusbecomes

amajoringredientof thisreport.

In additionto theprimaryconfigurationsstudiedduringthepast

sixweeks,wealsolookedatthepossibilitiesofdevelopingasolid.rocket

backofffortheballisticboosterandtheevaluationof suchabackoff

potentialalsobecameanobjectiveofthisstudy,

BRB-SRMBACKUP

e J.2S/SSME156In, I
]

e SSME _

BRB-SRMBACKUP

eJ.2S/SSME 120In.

156&1201n,

SSME

e (4)J.2S

e (5)F.1

Fig.4 Objectives Fig.5 Configurations



SERIES.BURNVEHICLEPERFORMANCEANDSELECTION

SelectionofthepointdesignsfortheSSMEandJ.2S/SSME

versionsoftheseries.burnconfigurationswasbasedontheperfor.

manceandcosttrendingdatashownin Figures6, 7,and8,

SelectionoftheSSMEversion(whichhasthenewhigh.pressure

spaceshuttleengineonboth theMkI andII orbiter)of theseries.burn

configurationwasbasedonthedataof theleft.handcurvesof Figures

6 and7, BothGLOWandprogramcostdecreaseasorbiterenginethrust

increases,buttheratesat whichthey decreaseappearto leveloutbeyond

the 1400K.lbtotalthrustvalue,Wethusselected1500Klbasthe

orbiterthrust, Wechoseasthepointdesigna stagingvelocityof 5000

fps,whichissomewhathigherthanthestagingvelocityyieldingmini.

mumGLOWandcost, ThischoiceresultedinareasonablysizednO

tankandaccededtoNASA'sdesireto keepstagingvelocitiesin the

5000-to7000-fpsrange,
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Theselectionofthedesignpointfora configurationwhichin.

cludeschangingtheenginefromaJ.2SforMkI toanSSMEfortheMk

IIorbiterissomewhatcomplicatedbytherequirementtoachievea

reasonableMkI payload,Figure6showstheeffectofSSME(MkII)

thrustselectiononMkI payload,It isclearthatif20,000lbisalower

limitonMkI payload,theMkII SSMEthrustlevelmustbecloseto that

oftheJ.2Sengine(265Kvacthrustperengine),Accordingly,wechose

anSSMEwithathrustlevelequalto thatoftheJ.2Sandselecteda

stagingvelocityof5800fps,whichisa littlehigherthanthestaging

velocityatthecostandGLOWbuckets,Figure7illustratesthetotal

programandDDT&EcostpenaltyassociatedwithchoiceofSSMEen.

ginethrustlevelasa functionofMkIpayloadcapability,Ahigher

SSMEthrustdecreasesMkIIsystemGLOWandoveralldevelopment

costbutalsodecreasesMkI payload,(SeeFigures6and7,)The

DDT&Ecostpenaltyassociatedwithourdesignpointrelativetoa 10K.

lbMkI payloadconfigurationisabout$50M,or$3700perlbofpay-

load.

SRMBACKOFF

Inourstudies,weconsideredthepotentialbackoffpositionto

solid.rocketboostersintheeventthateitherunforseendevelopment

problemsonfiscalconstraintsrequiredabandoningtheballistic

booster,

Havingselectedthedesignpointsforballisticboosters,wein.

vestigatedsingle-andtwo-stagesolid-rocket-motorboostersfor

thedesignpointorbiterandtankweights.Theresultsofthesestudies

aresummarizedinFigure9intermsofmajorperformanceandcost

parameters.Ingeneral,SRMbackoffisfeasible,withnoparticularad-

vantageoftwo-stageoversingle-stageboosterapproaches.TheGLOW

oftheSRMsystemsisgenerallylowerthanthatoftheballisticbooster

systems,asarethecosts.Thecostcomparison,however,isbasedonthe

assumptionthatthesolidrocketsarebeingdevelopedastheprimary

boostersandnotasasubstituteforthebaUisticboostersometime

downstreamintheprogram,Addedcostswouldbeincurredtoimple-

menttheprogramchange.Themagnitudeofthesecostsisafunction

ofthetimingoftheprogramredirection.
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ENGINESELECTION

Figure10comparesmajorcharacteristicsoftheSSMEandJ-2S/

SSMEversionoftheseries-burnconfigurations,Werecommendcon-

siderationof theJ.2S/SSMEapproachbecauseofthe lowerDDT&E

costsandthe lowerdevelopmentriskassociatedwiththeJ.2Sengine,

Thelauncharrangementof thisconligurationisshowninFigure11,

If thedecisionismadeto pursueonlytheSSMEdevelopment,we

recommendatotal thrustlevelof approximately1,2Mlbto keepen.

gineDDT&Ereasonablylow,

Otherresultsandconclusionsoftheseries.burnstudiesaresum.

marizedin Figure12,

GLOW7,957MLb

OLOW1,169Mtb

BLOW6,788MLb

Vstap58_1F_

Payload24/40K

LO2Tank y_

F

Fig,11 MkI SeriesBallisticLaunchConfiguration

'_ J.2S/SSMESSMEMkI 1500K
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o WIBstr,MLb 1,262 1,081

o OrbEng,No,/TV 4/265 4/375
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o MkI Payload:24K
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oJ.2S/SSMEDDT&ELowerby$270M,PAF$50M

o SRMBackupAvailableforBoth3(156)butCost/Flightof
BackupHigherby3x6RB($25M)

o PreferJ.2S/SSMEApproachtoMinimizeDDT&E&EngineRisk_

Fig,10 J.2S/SSMEvsSSMESeriesBurn Fig,12 SeriesBRBSummary
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RAOVEHICLEPERFORMANCEANDSELECTION

TheRAOsystemischaracterizedbytheuseoftwobooster

modulesoneithersideofthetank,ratherthanthetandemarrangement

oftheseries-burnapproach,andbythesimultaneousfiringofall

boosterandorbiterenginesatlaunch.

InoursizingofRAO(parallel.burn)configurations,weused

basicallythesameapproachasdiscussedabovefortheseries.burncase,

TheconfigurationsstudiedareshowninFigure13. ForSRMbackoff,

weconcentratedon120.in,motorsasbeinginamorematurestageof

developmentthanthelarger.diametersolids.

Ourstudieswereinitiallybasedontheassumptionthatattitude

controlduringmatedascentburnwouldbeperformedbyuseofthe

orbiterenginesandaerocontrolsurfacesonly,sinceeliminationof

boosterthrustvectorcontrol(TVC)wasa verydesirableobjective.As

wepenetratedmoredeeplyintothecontrolproblem,itbecameapparent

thattheuseofboosterTVCmightbecomea requirement.Oursizing

andcostdatadoesnot,however,reflecttheuseofTVConthebooster,

althoughwewillpresentestimatesoftheimpactonbothcostandper.

formanceifTVC(liquid.injection.type)isbaselinedfortheboosters.

WhetherboosterTVCisrequiredornot,theRAOconfigurations

willgenerallybenefitfromgreaterorbitercontrolauthority,since,even

iftheboosterisdesignedforTVC,theliquidinjectionTVCsystem

weightpenaltyisafunctionoftheextenttowhichitsutilizationisre.

quired,Thus,inRAOsizing,weconsideredorbiterSSMEthrustvalues

intherangeof1.5.1,8Mlb,ascomparedto1,2.1.5Mlbfortheseries

case,Theperformanceandcosttrendsfortheall.SSMEversionofRAO

areshowninFigure14.Thehigher.engine.thrustorbiterresultsinlower

GLOWbutslightlyhigherprogramcosts(primarilyenginedevelopment

costs),Becauseofthecontrolconsiderationdiscussedabove,however,

weselectedthehigher.thrustorbiterenginesystemata stagingvelocity

(4751fps)whichisclosetothe5000.fpslowerlimitdesiredbyNASA

andisalmostatthecostbucket.Thelaunchconfigurationatthatde.

signpointisshowninFigure15.

ForthecaseofaJ-2S/SSMEOrbiter,thesizetrendingdatafor

thatconfigurationisshowninFigure16,whichalsoincludestheSSME

orbiterdataforcomparison.
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TheselectionofSSMEthrustfortheMkIIphaseof theorbiter

wasarrivedat inexactlythesamemannerasfortheseriesburncase,

i,e,,wefoundthatforanyreasonableMkIpayload(20Klbor greater),

theSSMEthrustshouldbeequalto theJ.2Sthrust(265Kvac),Note

inFigure16that thelowerorbiterperformanceat the4 x 265Klb

(1,06MlbTtotal)thrustlevelmakestheGLOWbucketmoveto higher

stagingvelocitiesthanfortheSSMg.all.the.wayconfiguration,We

selectedadesignpointat 5900fps,just to the leftoftheGLOWbucket,

Theselectionofbackupsolid.rocketmotorswas,asintheseries.

burncase,basedonretainingtheexactdesign.pointorbiterandtank

liftoffweightandsizinganSRMsothatitwouldachieveorbitinjection.

Thedesignpointsforthebackupconfigurationsarealsoshownin

Figure16,Asexpected,theSRMs,beingmoreefficientboosters,

tendtoreduceoverallconfigurationweightbyaboutamillionpounds,

TheRAOlaunchconfigurationforaJ-2S/SSMEorbiterisshown

inFigure17,

.

GLOW,MLb

6.

4
4,0

e GLOWHigherWithJ.2S
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Fig,16 RAOGLOWComparison Fig,17
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RAOCONTROLANDSEPARATION

ThecharacteristicsoftheRAOconceptgeneratetwomajor

problems-thecontrollabilityofthecombinedvehicle,andthere.

quirementtojettisonthetwoparallelboosters.

e Intheeventofa boosterenginefailure,theoppositeengineis

automaticallyshutdown

Controllabilitybecomesaseriousconcernwhenconsideredincon.

junctionwiththedesiretominimizeoreliminateboosterTVCrequire.

ments,Thefluidcarriedintheboosterforliquid.injectionthrustvec.

toringisusedinefficiently,comparedtopropellants,andlowerstheef.

fecitveengineperformancebyanamountwhichisa functionofthe

percentageoftotalmatedflighttimeduringwhichboosterthrustvec.

toringisrequired.TheTVCplumbingandvalvingalsoaddinertweight

tothebooster,whichisindependentofpercentutilizationbutisafunc-

tionofthemaximumthrustdirectionchangerequired.It is,therefore,

importanttominimizeboththedurationaswellastheextentof

boosterthrustvectoringforwhichthesystemmustbedesigned,which,

inturn,requiresmaximumavailablecontrolauthorityfromtheorbiter,

Withthisinmind,weselectedahightotalenginethrust(1.8Mlb)and

decidedona four.engine(450Ktbeach)configuration.Thelatter

minimizestheeffectofanorbiterenginefailure,sincethelossofone

offourenginesresultsinasmallervariationinbothnetthrustdirection

aswellasmagnitudethanthefailureofoneofthreeengines.Wealso

orientedtheorbiterenginessuchthatatgimbalanglenull,thethrust

vectorsumofbothboosterandorbiterenginesgoesthroughthecgat

maxq, Thisleavesthemaximumgimbalangleexcursionavailableat

thetimedynamiccontrolrequirementsaregreatest,

Ourcontrolstudieshaveconcludedthatthereappearstobeno

requirementforboosterTVCundernormalorsingle.enginefailure

conditionsprovidedthat:

Averticalfinisplacedontheundersideofeachbooster,sized

to lowerthecpofthecombinedconfigurationfromourpresent

estimateof18-20ftabovethecgtoabout4-5ft. Thiswill

reducethemagnitudeofrollmomentsundermaxqconditions

towithinthecontrolauthoritycapabilityoftheorbiter,(See

Figure18,)

FixedFins,
1onEaBHB

(425Ft2)

(Q_)Max_4500PSF.Oeg

CG

i 12

_CP _ 101 Fins
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20Ft I JOrbiterGimbaling

MomentControl

DeficiencySource

e Weight5.2KLb,IncludingJettisonHardware

Fig.18 RollControlDuringAscent
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Weconcludedthatengine.outconditionswerecriticalforcontrol,

butthatcontrolmarginsareacceptable.Moreanalysisandwindtunnel

testingarerequiredtoconfirmtheseconclusions.Wedecidedtoassume,

atthistime,thatboosterTVCisrequiredandthatincomparingRAO

to theseries.burnsystem,theabsenceofTVCwillnotbeusedasa con.

figurationdiscriminator.

Boosterseparationalsoimposesdifficulttechnicalrequirements,

especiallyathighdynamicpressuressuchasmightbeexperiencedun-

derabortconditions.Wehaveexaminedvariouspossibleseparation

concepts(Figure19)forbothnominalandmaxqseparationand

haveconcludedthat,althoughallcanbemadetoworkatnormalstag-

ing(q=60-100psf),abortseparationathighqimposessuchhigh

loadsandaerodynamiceffectsthatpositiveseparation,usingsolid

separationrocketsonthebooster,istheonlyfeasibleconcept.Wehave

sizedseparationrockets(twoperbooster)toprovideabout200-in.sep-

arationdistancebetweenboosterandtankatrocketburnoutat maxq.

Theseparationrocketsaddapproximately9000lbtotalsystemweight.

Theboosterdatapresentedhereindonot,however,includethisweight.

Peel.OffPassive

ParallelLinksActive

SRMActive

Fig,19 RAOBoosterSeparation

RAOCONCLUSIONSANDCONFIGURATIONCOMPARISON

ThetechnicalconclusionsofourRAOstudiesaresummarizedin

Figure20. Thecontrolandseparationareashavealreadybeendiscussed

above.Theissueofthreevsfourengineswasalsotoucheduponduring

thecontrollabilitydiscussion,whereconsiderationofcontrolauthority

withone.engine.outfavoredfourengines.Abortconsiderationsalso

tendto favorfourenginesbecause,again,thefailureofoneoffour

orbiterengineshaslesseffectthanoneofthree.

tial,AsshowninFigure22,theSSMEorbitercanbebackedupbyfour

1207SRMS,whiletheJ.2Sversionoftheorbiterrequiressix,thus

considerablyincreasingthecostperflightofthebackoffconfiguration,

Inourview,thisadditionalfactorofa morepracticalbackuptendsto

reducethedevelopmentriskoftheSSME.all.the.wayapproachtowhere_

onbalance,werecommendgoingthatwayonRAO,

IncomparingtheJ.2S/SSMERAOversiontotheSSME.all.the.

wayconfiguration,weconsideredweight,cost,anddevelopmentrisk,

AsshowninFigure21,weseethesamegeneraleffectthatweobserved

incomparingtheseries.burnsystems- weightincreasesbutdevelop.

mentcostdecreaseswhentheJ.2Sisintroduced,InthecaseofRAO,

wealsointroducedtheadditionalconsiderationofSRMbackoffpoten.

10

eControl-AssumeforNowTVCRequired

e SeparationMoreComplex-NeedsWork

e4SSME(450K)BetterThanJ.2S/SSMECombination

eSRM8ackoffAvailable:2x156In,or4x1207

Fig.20 RAOSummary



eSSMEvs,I.2S/SSME

e MkIDOT&E&PAFCos_j,"_"-'_
,,,,,,,.,-%

¢ I"4,026----/6'96"
J.2S/S;MEI

J.2S/SSME
5,76M

SSME

PAF PAF

0,o7 -TBfi-

$M/Flight8,2 8,1

_# SSMESolid

8RB(2)(4)
156 1207

GLOW,MLb 5,764.784,77

OLOW,MLb 2,052,052,05

BLOW,MLb 3,712,722,72

Orbinert,KLb 167 167 167

BstrInert,KLb 742 347 359

Tanklnert,KLb 103 103 103

J-2S/SSME

Solid

ERe (6)
1207

6.965,63

1,651,65

5,313.98

141 142

977 539

85 85

Fig,21 RAOGLOW&CostComparison Fig.22 RAO/BRB/SRMBackoff

BOOSTERDESIGNSTATUS

SUMMARY

Thebaselineballisticrecoverablebooster(BRB)incorporatesthe

simplicityof thepressure-fedenginewiththe inherentruggednessof

high-pressuretankage,Optimumstagingvelocitiesofbetween5000and

6000fpsareachievableforarecoverablepressure-fedbooster,withwater

impactdetermininga significantportionofinertweight(12%),

A two.moduleLOX/RPpressure-fedboosterfortheparallel.burn

retrievableorbiterconfiguration(RAO)stagesat 4750fpswithbooster

liftoffweightpermoduleof 1,8Mlb, Developmentcostof thisbooster

is$831M,whichis34%lowerthanfortheseries.bumboosterbecause

oflowerinertweight,

STUDYCONFIGURATIONS

A LOX/RPsinglestageseriesburnvehiclerequiresaboosterlift-

offweightof6,56Mlbtoachieve5500fpsVstageandsurvivea 100-fps

waterimpactwithnegligibledamage,Developmentcostsforthesingle-

stagedeviceare$1,27B,

Wehaveidentifieda varietyofpressure-fedBRBsandSRMstages

forbothseries,andparallel.burnwiththeorbiter,Theseries,and

parallel.bumboostershavebeenmatchedto bothMkI (J-2S)/MkII

(SSME)engineorbitersandtooptimumSSMEorbiters,Boosterstaging



velocitieswereselectedbasedonamatchedvehiclewithminimumlift.

offweight,Studyconfigurationsareidentifiedandmajorcharacteris-

ticsshowninFigure23,

SERIES.BURNBRB

Model979.150A(Figure24)isa recoverablesingle.stagepressure.

fedboosterutilizingLOX/RP.1propellantswithatandemexternaltank

hydrogen.oxygen(no) orbiterthatstagesat5500fps,Theboosterstage

SeriesJ.2S/SSME RAO/SSME

LOX.RP SRM SRM
Baseline Ba©koff Pressure.FedBeckoff
979.150A 979.158A 979.151 979.147

usessevenidenticalrocketengineswithaseparageliquid-injection(freon)

thrustvectorcontrolsystem,Individualoxidizerandfueltanksaresep.

aratedbyaninter.tankstructureinwhichsomeofthepressurization

equipmentislocated,Aluminumalloy2219LOXtankandfueltank

operatingpressuresare322and365psia,respectively,Pressurizationof

propellanttanksisa dualsystem,usingheatednitrogenintheLOXtank

andhydrazinedecompositionproductsinthefueltank,Thesepressur-

antsarealsousedinthereactioncontrolsystemandasthehydraulic

systempowersource,

Thestructureispredominantlyaluminumsemi-monocoquecon-

structionandfeaturesa water-impactkeelandcontrollablestabilizer

fins,whicharerequiredforhighre-entrystabilityandtrim,Structure

isthedominantweightcontributor,Tankagecomprises51%ofthisand

ispressure-designedexceptforaportionofthenosewhichisdesigned

bywaterimpact,Heatsinkandwaterimpactloadsprimarilydesignthe

remainingstructuralcomponents,

Vehicle

OLOW,Lb 1,185,000 1,185,000 2,053,000 2,053,000

BLOW,Lb 6,568,300 4,350,000 3,708,000 2,753,000

Vstage,FPS 5850 5800 4750 4520

Boo_er

Length,Ft 160,7 126,0 137,7 133,0

DryWt,Lb 1,063,900 610,400

InertWt,Lb 1,228,500 536,700 696,400 323,040

_' 0.813 0.877 0,806 0,882

Propellant LOX-RP PBAN LOX-RP PBAN

Engines (7)Press,.Fed(3)156In.SRMA)Press.Fed/Mo_(2)156In,SRM

Thrust(SL),Lb_ 9,800,000 6,921,000 746,000 4,675,100

Booster

ODT&E,$8 1.265 0,446 0,831 0,309

Total,$e 3,942 7.178 3,128 4,570

Raceway(2)

Fin(2)
PressSystem Parachute

He&N2H4Tanks Package

Intertank

LN2Tank

LOXTank

:Structure

LOXTunnels
&Lines(7)

WaterEntr
Fairing

Fig.23 BoosterStudyConfigurations
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Fig.24 RA0 Baseline
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Theballisticrecoverableboosterphasingreflectsa June1,1972

authorityto proceedwithanunmannedlaunchtheendofSeptember

1977(64monthsafterATP). Thefirstmannedorbiterlaunchis

scheduledforMarch1, 1978(69monthsfromATP)usingthesecond

productionboostervehicle.Theboosterrecoverysystemis in-

stalledonallboostervehicles,includingtheunmannedlaunch. En-

gineeringreleasesarephasedto supportmanufacturingbuildupof

the test articlesandflightvehicles,startingwitha subscalewater-im.

pact testarticle. Thescheduleisdrivenby theneedto complete(1)

testingof thedevelopmenttankspriorto startof production.tanksub.

assemblyand(2)completionofclusteredstaticfiringtestspriorto

finalassemblyofthefirstflightvehicle,Theconfigurationcostsare

drivenbythecombinedenvironmentsof ascent/descentthermalheating

andwaterimpactthatpermitsrecovery.Designingtheboosterforthese

environmentslowersoperationcostsfrompreviousestimatesbyelimi.

natinguncertaintyasto structuraldamage.

PARALLEL.BURNBRB{RAO)

Theparallel-burnbooster,asshowninFigure25,consistsof two

recoverablepressure-fedboostersutilizingLOX/RP-1propellantsat-

tachedto thesideofanexternal.tankHOorbiter.TheBRBmoduleis

19.2ft indiameterand 136.7ft long.

Therecoverableboostersusefouridenticalengines,eachwitha

thrustof7.07KlbSt, fora total thrustat launchof5.66Mlb. Anaft

skirtisprovidedtoprotecttherocketengineinstallationandother

boostersubsystemsfromthehighre.entrydynamicpressuresandalso

fromthehighwater-landing-impactloads.Twofixedfinsarelocated

ontheaftskirtto providethedesiredtrimandstabilitymarginsduring

re.entry,Stageseparationisaccomplishedat a burnoutvelocityof 4800

fpsandan altitudeof 140,000ft,

CRITICALISSUES

Thefollowingboosterdesignissuesarecriticalinboosterdevelop-

ment. Wehavegiventheseareasconsiderablestudyemphasisandplan

to continuethisemphasisto resolvethemfully:

13

AscentControl- Liquid-injectionTVChaslimitationsiflarge

deflectionsarerequired,orsmalldeflectionsforlongdurations.

Furtherevaluationof thecontrolrequirementsthroughflight

simulationsiscontinuingandalternateapproaches,suchas

gimbaledengines,arebeingevaluated

Re.EntryAerodynamicControl- Thecurrentcgistoo faraft

foraerodynamictrimwitha fixedfin. Twoalternatesolutions

willbeinvestigated:

- Additionofa feedbackflightcontrolsystemthatcontrols

boosterangleofattackbyvaryingfinincidence,plusre-

locationof subsystemsandadditionofballast,asrequired

forstabilityandtrim

- Re-examinationof re-enteringat ahighvszeroangleof at-

tackusingdragdevices

WaterImpact- Theloadsandstructuralweightpenaltiesmust

be minimizedbyreducingimpactvelocityasmuchaspractical

by recoverydevices(parachutesand/orretrorockets),andby

enteringthewaterat angleswhichprecludereboundandmini-

mizestructuralweight.Waterimpacttestswillbe requiredto

establishproperdesignsolutions

RecoverySystem- Vehicledynamicsduringparachutedeploy-

mentmustbeestablishedthroughsubscaletesting.Inaddition,

significantadvancesmustbemadeinparachutetechnologyfor

manufacturing,packaging,deploying,andrefurbishingthe

192-ftdiameterchutes

PropulsionSystem- Thepressure.fedBRBwillrequirepropul-

siontechnologyadvancesinthe areasofhigh-thrustpressure-

fedenginesandfeed.systemspressurization.Theseadvance-

mentswillrequireearlycompatibilitytestingofcorrosion-

resistantmaterialscoupledwithsubscaledevelopmentaltest-

ingtoestablishsubsystemperformance,durability,andoper.

ational.lifecapabilities



eMaterialsandWeldDevelopment- Thesize,recovery,refur-

bishment,andsystemsrequirementsoftheBRBrequiread-

vancementsinmaterialsperformanceandfabricationtechnolo.

gies.In particular,furtherdevelopmentofelectron.beamweld.

ingtechniquesis requiredbecauseexistinggas.metalarcand

gas.tungstenarcprocessesrequireexcessivetimefortheheavy

aluminumweldmentsplanned

LN2Tank

230.1n.
LOXTank Dia RP.1Tank

HeatShield

/__
l

Payload 40,000Lb

GLOW 5,761,000Lb

8LOW 1,854,000LbEa

Propellant 1,483,000Lb,Ea

OLOW 2,053,000Lb

Propellant 1,720,000Lb

OrbiterInjWt 229,033Lb

VStage 4793FPS

T/W(Liftoff) 1.25

MaxQ 633PSF

OrbiterHODropTank,
330In.Dia

LOXTank

184.1'

LH2Tank GHeTank
137.7'

7 0

Cant

Press.-FedEng(No
LITVC)Thrust,SL 707,360Lb

isp,SL 223.6Sec

n

Holddown

Fitting

Fig.25 Model979.151BRB
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LOX/RP.I/RAOCOSTCOMPARISON

Theboostercostsfortheconfigurationsstudiedarecomparedin

Figure26, TheRAOconceptusingaparallel.burnBRBresultsin the

lowestboosterprogramcost. Itsprimarycostadvantageaccruesthrough

its smallersize,yieldinglowproductioncostsoftheboosterandlower

engineandmaterialcosts.Theseries-burnLOX/RP.1baselineprogram

hasan increasedboostercostof34%withanincreasedcostperflight

of 18.8%,

FLYBACKBOOSTERSTATUS

Theprimaryissuesaddressedin thecontinuingstudiesof the

LOX/RPflybackbooster,Figure27,werecostrealismandconfigura.

tionrefinement.Costestimationof DDT&Ewasimprovedthrough

greaterdepthof analysisof thedevelopmentactivitiesrequiredthrough

FMOF.Operationalcoststudieswerecontinuedwithfurtheranalysis

of theoperationaltimelines.In configurationdevelopment,greater

confidencein theaerodynamiccontrolcapabilitywasestablished

throughwindtunneltestingandpilotedsimulationstudies.Further

tradestudiesonexternalmaterialselectionresultedinareductionof

bothcostsandthenumberofdifferentmaterialsrequired.Although

thissolutionincreasedthedryweightof thebooster,weretainedapay.

loadmarginoverthe40Ksouthpolarrequirement,

ProgramFundingandScheduling

ThefundingrequiredforDDT&E,production,andoperations

givenbelowwasdevelopedfromdetailedmanningandmaterialesti-

mateswithkeydatesfortheboosterdevelopmentmasterschedule

showninFigure28. Thiscurverepresentsthethirditerationof the

boosterfundingestimate.Forallestimates,the totalDDT&Ecosthas

remainedwithin5%;however,peakfundinghasbeenreducedby $53M.

Thisimprovementinpeakfundingwasmadebydecreasingthemanu.

facturingandengineeringoverlap.Thesolidfundingcurveisbasedona

Series,I.2S/SSME RAO/SSME

Model 979.150A_ 979.151979.147

Lox/RPSRMBackoffI979.158A --_

8RMBackout' /, I 4_71

Total 3,942// _ rl '-"-; 516
Operations..... 1,20'--_"L 5,873 ,_3,128// 3,570

...... _1-_/
Production 1,325 446 933 i

30""_"
Management_-'="": _" 152-"_:Jl _=::::_,='-"---" 176

2"761 120

Cost/Flight(Operations)2,7 1,3 2,8 1.1

ExpendableHardware 3,0 13,2 2,1 8,0

TotalCost/Flight 5,7 14.5 4.9 9,1

BoosterBuys 28 444 28 444

Fig.26 BoosterCostComparison($M)
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.5'

WingArea 9000Ft2

VertTailArea 1500Ft2

MainEng,Type/T F.1/1,522MLb

A/BEng,No,/Type 10/F101/F1283

LdgApprSpeed 174Kt

NomLdgWt 614,800Lb

EntryWt 672,400Lb

AscentProp, 4,587,600Lb

BLOW 5,298,300Lb

OLOW 1,260,800Lb

GLOW 6,559,100Lh
BstrMassFrac 0,866

T_ (Liftoff) 1.16

Fig.27 Model979.061ALOX/RPF/I/backConfiguration
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June,1977,FHF. ThisFHFdatecouldbe movedto thelastquarter

of 1976.However,anyfurthermovementto the leftwillincrease

scheduleriskto anunacceptablelevel.MovingtheFHFtoDecember,

1976,increasespeakfundingby$19M.

Accommodationof WeightGrowth

illustratestheabilityoftheboosterto acceptincreasesin inertweight

ofeitherorbiterorbooster.Thepayloadofthebaselinesystem- the

F.1(1522K)andJ-2S- isapproximately54,000lb,whichexceedsthe

MkII requirementby 14,000lb. Otheroptionalenginecombinations

(F-1A,upratedF-l, SSME)couldprovideadditionalaccommodations

forweightgrowthinexcessoftheexisting14,000-1bpayloadmargin.

TheconfigurationselectedfortheLOX/RPflybackboosteris

onewhichhasaninherentcapabilityto accommodatesomesignificant

changesindesignrequirementswithoutcausingredesign.Figure29

50O

4OO

SM
300

200

100

FY

Cost

ATPPDRCDR FHFFMOF
v'_y 'r2 "_v

_ FHF:
_ ---12.1.76

6.1.77

/._ hOT&ElProd.I OpsICost/It]t F-

,,115001352100!11.91111
// i/ oo, E,nc,ude,:
// .Boo.erOevel

t _\ e RocketEng

2 7374757677 7870 808182838485868788 80
• 102272440394214166921421871198910211811912011920

e PolarMission

e 7045.FPSStagingVelocity
e Drop-TankInert

(IncludingWpReserve)=10,000+0.062223Wp2Lb

$ (4)OrbiterEngines

e OrbiterLandingWeight
Includes25,000LbofPayload

100

80

Payload,

KLb 60-

40-

20"

EnGine

Booster Orbiter

F-1
(1522K) SSE

F-1A
(1800K) J.2S

Uprated
F-1(1615K)J.2S

F-1
(1522K) J.2S

'1 o' ' '2;o' '140 180 220

OrbiterLandingWeight,Ktb

Fig.28 LOX/RPFlybackBoosterProgramCost
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Fig.29 LOX/RPFlybackBoosterAccommodationof WeightGro_
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SYSTEMSEVALUATION

Thesystemsevaluationprocesswascarriedoutinthreesteps(see

Figure1):

e CostScreen- Wefirstcomparedcostsofthethreecontending

systemstoseeifanyobviousconclusionwouldsuggestitself,

Thecostswewereconcernedwitharethoseaffectingearly

programexpenditurerates,Wethusperformedourevaluation

onDDT&Ecostsandtheresultantpeakannualfunding(PAF)

required.ThecostdatacomparisonisshowninFigure2and

isreproducedhereforthereader'sconvenienceasFigure30,

Itcanbeseenthatbasedontheabovecriteria,theflyback

boostersystemismorecostlythantheotherconfigurations

evaluated,requiringnearlyahalf-billiondollarsgreaterdevel.

opmentfundingthananequivalent(J-2Sorbiter)series-burn

system.

Wethusconcludedthatwewouldbejustifiedinnotconsider.

ingtheflybackboosterinanyfurthertechnicalorriskcom.

parisonand,hence,removedthatsystemfromthesubsequent

evaluationprocess,

e Series.BurnvsRAOEvaluation- Inthenextstep,wecorn.

paredtheseries-burnconfigurationtoRAOandattemptedto

resolvethemajorconfigurationissuesconfrontingusthere:

- Series-burnvsRAO

- J.2SSSMEvsSSME.all.the.way

FlybackJ.2S

Total !

'.$_
:i4,!

:1,5

Boostel

S/Flight6.7

J.2S
m

4,C

m

8.1

_,30

Series/BRB

l'
SSME

4,

1,

07[

n

7.9

CostComparison

RAO/BRB

i%

SSME
m

4,[

O,i

m

_.2
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- Numberoforbiterengines(threevsfour)

Weattemptedto resolvetheseissuesonequivalentconfigura.

tions,Thus,fortheseries,vsparallel.burnevaluation,wecom.

paredtheSSMEorbiterconfigurationsofthetwosystems.

Theotherissuesweredealtwithrelativetoequivalentconfig.

urationswithineachsystem,

Thesummaryevaluation,whichaimedatresolvingtheseries-

burnvsRAOissueisshowninFigure3andreproducedhere

forconvenienceasFigure3t.

- EquivalentSystemPerformance- Thefirstpartofthe

evaluationconsidersthefactorsinwhichthetwosystems

areessentiallyequivalent,Forthereasonsdiscussedunder



RAOcontrollability,wehaveassumedboosterTVCmaybe

requiredfor RAOwhencomparingit to theseries.burn

system,(Thisaddsapproximately250,000lb inGLOW

and$200MtotheDDT&EoftheRAOsystem,)Thus,no

technicaladvantageaccruestoeithersystemonthebasisof

lowerboosterpropulsionsystemcomplexity,nordowe

feelthattheDDT&Ecostdifferentialissignificantoncethe

additionalcostofboosterTVCdevelopmentisaddedto the

RAOcosts.Abortcapabilityisnot asignificantdiscrimina.

tor, sincebothsystemscanaborteitherbackto the launch

siteorto orbitanddonot requiredevelopmentof analter.

natelandingsite.

Series
SSME/GRB

RAO
SSME/BRB

I

LowerDDT&E,$B _ 4,35 _ 4,02
+BsU'TVC

RequirosTVC __J- _- (

,(N°AItLd_SiteRo_d)

MorePracticel/LowerCost J 20 _ 17

SRM,$M/FlightioworBooderlnert J 1080 ___]2x370(
Weight,KLb

SimplerBoosterSepemtion_/1 1 J 2

CleenerOrbiter/eooster_/1 _ J _
Interface

Lower_ylood J 3183J 3380
Sensitivity,Lb_

LowerCostofPayload __] 13 J 25 (_
Assurance,$/%WtIncrease

LightOrbiter(InertWt),_-J 155 J 167
KLb

Fig.31 EvaluationSummary
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RAOFavorableFactors- ThefactorsfavoringRAOare

shownin themiddleportionofFigure31. Bothsystems

haveSRMbackoffcapability,but theRAO,beinglighter

thantheseries.burnconfiguration,hasabackoffpotential

to a four.1207solid.rocketboostersystemat a lowercost

perflightthanthe three.156.in,orsix.1207SRMsrequired

forbackofffromtheseries.burnBRB.

ThefactthattheBRBfortheRAOissmallerisself.evident,

becausetotal inertRAOboosterweightissomewhatlower

and,furthermore,theRAOboosterconsistsof twoequal.

sizemodules.Wehavenot, asyet,determinedanyspecific

factorswhichimposeanupperlimiton thepracticalre-

coveryweightof theBRB,but feelthat the lowerinert

weighttendsto reduceboosterdevelopmentriskandre.

coverabilityproblems.

- Series.BurnFavorableFactors- Thelowerportionof Fig.

ure31addressesthefactorsfavoringtheseries.burnsystem,

Theseparationandinterfacecomplexityof theRAOrelative

toa series.burnsystemwerediscussedinsomedetailunder

"RAOControlandSeparation."Clearly,theseries.burncon.

figurationoffersa technicallycleanerandlesscomplex

separationandcontrolfunction,

Payloadsensitivitiesof the twosystemsrelativeto apercent

changein thesysteminertsareshownin Figure32.Because

RAOhasasomewhatheavierorbiterandHOtank,andbe.

causetheparallel.burnconceptisquitesensitiveto changes

inthe inertweightoftheseelements,thecomparisonfavors

theseries.burnsystem,in thesensethat the lattershows

about7%lowerpayloadlossif the inertweightsshouldin.

crease.



BothsystemshavebeensizedatdesignpointsofftheGLOW

bucket.Thisoff.optimumdesignallowsforthepossibility

ofrecoveringpayloadcapability(lostthroughinertweight

increases)bysimplyincreasingtheHOtanksizeandleaving

allotherconfigurationelementsunchanged.Wehavede.

finedthiscapabilityas"potentialpayloadmargin,"because

itisnotprovidedinherentlybyinitialtankorboosterover.

sizingbutcanberealizeddownstreaminthedevelopment

program- ifnecessary- withminimumcostandschedule

impact.Wedopayaninitialcostpenalty,however,forse.

lectingadesignpointawayfromtheminimumGLOW

point;thisDDT&EcostisshowninFigure33.Combining

therateatwhichwelosepayload(asgivenbythepayload

sensitivitiesofFigure32)withthecostperpoundofpro.

ridingapotentialmargintocompensateforsuchpayload

loss,yieldsthefigureofmerit(initialprogramcostpenalty

perpercentoftotalinertweightincrease)shownonthe

bottomrowofFigure33.Again,thisfavorstheseries.burn

system.

OrbiterSensitivityBasedon
InjectedWeight

Total
Payload3-
Per% Booster
Inert
Weight,2- HOTank
KLb

1- Orbiter

Series/BRB

_L RAO/BRB
,

.3380
.3183

-583 !
•800 "----"

.--.--..- .927
.633

N,..,,=._*_.Z.N

' .1750 .1870

Series.Burn RAO
SSME/BRB SSME/BRB

DOT&ECosttoProvide $35M
PayloadMargin

ProgCost_/PercentTotal $13M
InertWeightIncrease

45

GLOW

J
MIn Glow _1_ SeriesBurn

__ ils35M

.,'_',AO,_ME/B,B
MIn Glow J 11=45M
-_J iI I

] I
Vstage 4800 5000

Fig.32 PayloadSensitivities Fig.33 CostofPayloadAssurance

CONCLUSIONS

Onbalancethen,weconcludethatcostsaremoreorlessa standoff-

but,basedontechnicalriskfactors,thereappearstobeanedgeto the

series.burnsystem,dependingontheimportanceattributedto,say,

developmentofa smallerbooster(butmorecomplexsystem)for

RAO,ratherthanalargerbooster(butsimplersystem)forseries.burn.
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Whatwetradeoffhereisdevelopmentrisk.Thedevelopmentofthe

ballisticboosterandtheoverallsystemarethevariablesweconsidered,

becausethecoreorbiterandno tankareessentiallyinvariantforthe

twosystems.Thesmaller,lower.inert.weightboosteroftheRAOcon.

figurationreducestheriskofdevelopingthatelementofthesystem,



becausetheproblemsinthecriticalareasofentry,water.impactloads,

andrecoveryarediminishedthereby,Ontheotherhand,thedevelop.

mentriskfortheoverallRAOsystemincreases,aswearenowcon.

frontedbyothercriticalissues,suchasseparation- particularlyunder

abortconditions- oftwoboostermodulesinproximityto thetank

andorbiter,controllabilityofa matedconfigurationwithunfavorable

aerodynamiccharacteristics,tankheatingproblemsduetoorbiter

plumeimpingement,structuralproblemsduetohighacousticloads,

andahighersensitivityofpayloadlossto inert.weightincreases.

WeconsideredtheseRAOdevelopmentriskstobesomewhathigher

thantheriskofdevelopingthelargerseries.burnbooster.Forpurely

technicalreasons,wethusrecommendtheseries.burnarrangement.

Weareaware,however,thatthefiscalconstraintsonNASAare

severe.Intheeventthatasolid.boosterconfigurationisimposedby

fiscalconstraints,theRAOarrangementlendsitselftoa potentially

lower.cost.per.flightconfiguration.Theseconclusionsaresummarized

inFigures34and35.

OurconclusionsrelativetotheJ.2SvsSSMEengineandnumber.of.

engineissuescanbesummarizedasfollows.Ingeneral,wefavorthe

J.2S/SSMEapproachfortheseries.burnconfigurationbecauseofthe

lowerdevelopmentcostandrisk.IftheSSME-onlyapproachischosen,

werecommendathrustlevelofapproximately1.2Mlb,total.ForRAO,

werecommendfourhigh.thrust(450Kvac,400KSL)SSMEenginesat

atotalthrustof 1.SMlbbecausethehigherorbitercontrolauthority

isverydesirableforthatconfiguration.

ASSUMPTIONS

(A) MinimumCosttoODT&E&PeakAnnualFunding

(8) MinimizeOevelopmentRisk/OverrunPotential

(C) LowCostPerFlightButNotOverriding(A)&(B)

(D) CostEffectiveSRMBackup

SeriesBRBvsBRBRAO

e SeriesBR8Large,SomewhatMoreExpensive
System

e Separation&OrbiterInterfaceSimpler

But e SRMBackoff&CostPerFlightHigher

But

e RAOBRBSmaller,SomewhatLowerCost

System

o Separation&OrbiterInterfaceSignificantly

MoreComplex

e SHMBackuffSimpler&CostPerFlightLower

TheIssue:TechnicalChoicevsFiscalBackoffSelection

e TechnicallySimplerSystem

e LessPayloadSensitivity

Series

e RAOProvides6ackoffat

LowerCostPerFlight

Fig.34 Conclusions
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Fig,35 Conclusions




