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ABSTRACT

This report stm_arizesthe rec_ts of--a study to evaluate 11quid oxygen

(LOX)/hydroca_bon(HC) propulsion concepts for a "second generationS-Shuttle

Orbiterauxiliarypropulsionsystem. The auxiliarypropulsionsystemconsistsof

an OrbitalManeuveringSubsystem(OMS),an.A(t ReactionControlSubsystem(ARCS),

and a ForwardReactionControlSubsystem(FRCS). The primarygoals of t_iseffort

were to identify the most attractivefuel and system design approach and to

determinetechnologyadvancementsthat are neededto providehighconfidencefor a

subsequentsystemdevelopment. The work was performedby the McDonnellDouglas

AstronauticsCompany in St. Louis, Missouri (MDAC-STL)for the NASA-LyndonB.

Johnson Space Center under contractNAS9-16305. Aerojet liquid Rqcket Company

providedengine systemdata under a subcontractto MDAC-STL.

The study consisted of a Phase I--PreliminarySystem Evaluation and a.

Phase II--In-DepthSystemEvaluation. The fuel candidateswere ethanol,methane,

propane,and ammonia. Eventhoughammoniaisnot a hydrocarbon,itwas includedfor

evaluationbecauseit is cleanburningand has a good technologybase as a.result

of its use with LOX in the X-15 rocket engine system. The major systemdesign

optionswere pump versuspressurefeed, cryogenicversus ambienttemperatureRCS

propellantfeed, and the degreeof OMS-RCSintegration.

On the basisof the Phase I and Phase IIevaluationsethanolwas determinedto

be the best fuel candidate. It is an earth-storablefuel with a vapqr pressure

i slightlyhigherthanmonomethylhydrazine. The LOX/ef.hanolpropellantcombination

does not producefree carboncontaminantin the engineexhaustgases and, because

of its high bulk density-specificimpulseproduct,provides the most efficient

packagingand highesttotal impulsecapabilityof all the propellantsconsidered.

A pump fed OMS was recommendedbecauseof its high specificimpulse,enabling

greatervelocitychange (AV) and greaterpayloadcapabilitythan a pressurefed
;i

!_ system. Oxygenis fed to theOMS engineina liquidstateat cryogenictemperature,
!. and the OMS oxygen feedlineis vented betweenburns. Common OMS/ARCSpropellant

tanks were recommendedto conserve wei'ght,provide higher total impulsecapa-
r,

bility,and provideincreasedmissionflexibility.

ii "*I
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For the RCS a hybrid feed system (liquidethanol and gaseous oxygen)was m

recommendedto preclude the requirementfor RCS feed system insulation. The W

recommendedRCS feed systememploysambienttemperature,blowdownaccumulatorsfor

supplyingpropellantsto the thrusters. Prope]lantsare fed to the accumulators I

using small electric pumps which operate at low flowrates and low discharge.....

pressures.The energyto thermallyconditionthe RCS oxygenflowto a gaseousstate |
w

is derivedfrom a.passive,ethanoltank Iteatexchanger. The heat exchangeris a

tubularcoilattachedto the outsidesurfaceof the ethapoltarlk.The electricpump |

suppliesliqL(idoxygento the heatexchangerwhere the oxygenabsorbsheatfrornthe

tank wall, the liquidethanol insidethe tank, and the environment. The oxygen Ii

exits the heat exchanger in a gaseous state and is then routed to the RCS |

accumulator..This passivethermalconditioningapproachis attractivebecauseof

its simplicity (no active gas generator-heatexchanger assemblies) and high |

specificimpulse(no gas generatorvent loss).

I
I
I
i
I
I
!
I
I
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NOMENCLATURE

AEIAT nozzlearea ratio

AI aluminum

Ag silver

ALRC AerojetLiquidRocket Company

APS auxiliarypropulsionsystemor aft propulsionsystem

ARCS Aft ReactionControlSubsystem

BTU BritishThermalUnit

CH4 methane

Cu copper

C2H50H ethanol(ethylalcohol)

C3H8 propane

D diameter

F thrust

FRCS ForwardReactionControlSubsystem

ft feet

ft3 cubic feet

GG gas generator

HC hydrocarbon

He helium

HR hours

H2 hydrogen

in. inches

Isp specificimpulse

It total impulse

• JSC JohnsonSpace Center

L length

Ib pounds

Ibf pounds-force

I". Ibm pounds-mass

i_ ' LH2 liquidhydrogen
:i Li lithium

_.' liq liquid

LOX liquidoxygen

viii "
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NOMENCLATURE(Continued)
u

mass flowrat_ I

max maximum IMDAC-STL McDonnellDougla_A_tronauticsCompany- St.Louis
min minimum

I

MLI multi-layerinsulation I

MMH monomethylhydrazine

MR mixtureratioby mass (oxidizer-to-fuel) I
N numberof linesegments

NASA NationalAeronauticsand SpaceAdministration I
NBP normalboilingpoint

NH3 ammonia INi nickel

NPSP net positivesuctionpressure I
|N2 nitrogen

N2H4 hydrazine I

N204 nitrogentetroxide I
OME OrbitalManeuveringEngine

OMS OribtalManeuveringSubsystem I
ox oxygen

02 oxygen I _
wp pressure

PC chamberpressure •
Ipsi poundsper squareinch

psia poundsper squareinch- absolute

heattransferrate "I

RCE ReactionControlE.gine

RCS ReactionControlSubsystem I
RP-I rocketpropellant-I

OR degreesRankine I
Isec seconds

SS stainlesssteel I
IT temperature

TG-1500O silicafiberinsulation I
I

* i1
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NCIMENCLATURE(Continued) f

Ti titanium

TPA turbopumpassembly

TVS thermodynamicwnt system

V vQlum_

XFEED crossfeed

Zr zirconium

Zn zinc

a_ incrementallength

AP pressuredrop

AV velocitychange
¢ nozzle arearatio

% percent
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1,0 INTROPUCTION

: D_rin_ the last two decades spacecraftpropulslon sy_tem_ hav_ emplnyod

slmple pressure fed Gystoms iislngearth°stQrab1_propellantGsuch as nltr(_q_,n

t(_tr_xlde(N204)and monomethylhydra_ine(MMH). Thes_ systemshave l)oenrellal_l(_

and have affordedInwdevelopmentrisk. However,their disadvantagesare that the

propollantsare highlytoxic and corrosiveand imposehigh operationalcnsts f(_r

reusableapplicatlonssuch a_ the Space ShuttleOrbiter, Furthermore,MMIIis _

posslhlecarcinogenand is expensiveto produce.

Over the years numerous studies have considered the use of LOX/H2 for

spacecraftauxiliarypropulsionsystems. However,two inherentcharact_ri,_ticsof

liquid H2--a low density and a very low storage temperature--imposesevere

penaltieson a reusablesystemsuchas the ShuttleOrbiterin theform of additional

.....,,, spacecraftvolumeand weight.

i!: Liquidoxygen/hydrocarbon(LOX/HC)propellantspossessmany of the desirable

_, characteristicsof the I.OX/H2 combinationwhile avoidingits disadvantages.They

_I::: are low intoxicity,non-corrosive,low incostand can be ventedor purgedfrom the

!_i_ systemto facilitatesystemmaintenance, The hydrocarbonfuels also have a high

i_=' densitycomparedto liquidH2 which allowsmuch lower fuel tank volumes. During
I;/

_,; evolution of the Shuttle design in the early ig70's LOX/HC propellantswere

_:.' considered for the Orbiter OMS/RCS. Even though they offered operational

_' advantagesover N204/MMH,theywere not _electedbecausethey lackedthe necessary
'i -\,

!_ technologybase tO supportthe developmentscheduleand developmentcost criteria

_'_, for the Orbiter, Howeve_, to achieve the ultimate Shuttle goal of economic,

C aircraft-likeoperations,it will be necessaryto replacethe toxic and corrosive

": N204/MMHpropellantswith a more passiveLOX/HCpropellantcombination.

To begin buildinga technologybasefor LOX/HCenginesNASA-JSCsponsoredtwo

_'T previousresearchand developmentefforts: PhotographicCombustionCharacteriza-
;:. tion of LOX/HC Type Propellants(NAS9-15724)and CombustionPerformanceand Heat

_?" TransferCharacterizationof LOXIHCType Propellants(NAS9-1595B).These efforts

!i!_; were a first step in addressingenginetechnologydeficiencies.

J

'_; _ _I
i ;T

=_, i
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Thepurpo_ Qf this_tudywa_toprQvidea correspondingt_chnoloqy_valuation
far th_ _v_rall

_y_t_m, The _nneralstudy approachwa_ to compareLOX/HC I

I

propulsion._y_tom_appllcabl_to a _ec_ndq_norationOrbiterOMS/RCSand to

Ovaluatomajor_y_tom/componPntoptlon_.

The technicaleffortfnr thestudywa_conductedIntwophaso_,PhaseI wa_ I
a preliminaryevaluationto screena largenumberof propellantcombinationsand m

systemconcepts. Pha_e II wa_ an in-depthevaIuatlonof the most promising m
propellantsand systemconceptsresultingfromPhaseI, Both studyphaseswere

dividedinto threemajor tasks, Task I definedthe groundrulesin termsof

candidatepropella_ts,system/componentdesignoptions,and designreq_,;rement,,;, l
InTask IIsystemandenginecomponentmathmodelswereincorporatedintoexist_n,_

computercodesforsystemevaluations.AerojetLiquidRocketCompany(ALRC),,,_,!e_.
a subcontracttoMDAC-STL,providedcharacterizationdatafor_e"' v_e_;_ ,_RCS

engines. Finally,in Task Ill,the detailedsystemm;,.,":¢_:. _tldcomparisons
i were performedto identifythe recommendedpropella:_combinationand system

approach. I

The detaileddate dump reportsfor PhaseI and PhaseII were providedin

References(i)and(_),whilethefinalreportwasprovidedinReference(3). This I

reportpresentsa summaryof thetechnicaleffortconductedduringthe study.

i!
I

i I
I

!'! |
t'

,, |
).

f, I
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F> 2,0 PHASE I BROUNDRULES

The overallstudy approachwas to use the Space ShuttleOrbiterOMS and RCS

requirementsas a f_amework f_r comparing alternate LOX/HC propulsion system

. concepts• The currentOrbiteraft propulsionsubsystempod is shown in Figure I.

Each pod containsOMS/ARCSpropellantand pmessuranttankage,propellantdistri-

; bution networks,a 6000 lb-th_ustOMS engine, twelve 870 Ib-thrustprimaryRCS

thrusters,and two 25 Ib-thrustvernierRCS thrusters The propelJant_are N204
and MMH.

The OMS and ARCS are designedto operateindependentlybut are equippedwith

". interconnectingplumbing to allow OMS propellanttanks in either pod to supply

_: propellantsto the OMS enginesor ARCS thrustersin both pods. ARCS propellant

! tanks in eitherpod can also supplypropellantsto ARCS thrustersin both pods. A

; FRCS module,which is similarindesignto the ARCS, is installedinthe noseof the
Orbiter.

• Becauseof the largenumberof possibleLOX/HCpropulsionsystemalternatives

for the OMS and RCS the major challengeof the Task 1.1 groundruleseffort was to

; limit the number of system/propellantconcepts to a manageable level. To

accomplishthis effortTask 1.1 was dividedinto three primaryareas:

,_ • definitionof propellantcandidates

. • definitionof system/componentdesign options

; • definitionof systemdesignrequirementsand constraints.

These are summarizedbelow,
E

i_ " 2.1 PropellantCandidates

'_' The candidatepropellantcombinationsselectedfor the study were:

• oxygen/ethanol(.02/CpH50H)

• oxygen/propane(02/C3H8)

• oxygen/ammonia(02/NH3)

: ' • oxygen/methane(02/CH4).

As shown in Table I, the candidatefueis rep_-senteach of the major propellant

classes. Ethanol(ethylalcohol)representsthe earth storablepropellantclass

" ;- ,3 "I
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TABLE I
CANDIDATEFUEI.-MATRIX

II • ii I

_EARTH,,STORABLE(BOILING POINTS MUCH GREATERTHAN AMBIENT)

EXAMPLES: RP-1 FUELSSELE,CTEDFOR PHASE I
ETHANOL

HEPTANE ETHANOL (C2HsOH)
BENZENE
METHANOL
n-OCTANE

SPACE STORABLE(BOILING P_)INTSSLIGHTLY LESSTHAN AMBIENT)

EXAMPLES: PROPANE
BUTANE PROPANE (C3HS)
ISOBUTANE AMMONIA (NH3)
PROISYLENE
AMMONIA

r.JLY_Q_Q_L(BOILING POINTS LESSTHAN - 100°F)

EXAMPLES: ETHANE METHANE (CH4)
METHANE
ETHYLENE
CYCLOPENTANE

l I [ " 11111 -"

5
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)i' becauseit Is non-coking,has a good technologybase for engine development(was I.. used in the original X-15 engine system), and has an acceptably high vapor
!; pressure, (The vapor pressureof ethanolis slightlygreaterthanMMH.) RP-I was

i: not a c_ndidatebecauseitproducesexcessivefreecarbonin the combustionprocess I

Ii!" and does not possessgood restart,characteristicsfor a regeneratlvelycooled OMS

_ enginedue to its low vapor pressure. Propaneand amrnoni_representedthe space I
;i storablepr.opellantclass becausethey were being testedunder enginetechnology

_, efforts sponsored by NASA-JSC (_$9-15724 and NAS9-15958). Even though ammonia is Ii; not a hydrocarbon,it was includedbecauseit is clean burning (no cor_taminating
l'

_} carboncompoundsin the exkaustpr.oducts)and was usedwith LOX inthe-_pratedX-15 Irocket engine system. The final fuel candidate, methane, represents the cryogenic

storageclass because it is non-cokingand was also being tested under NASA-JSC

engine i;echnologycontracts(NAS9-15724and NAS9-15958). I

2.2 .SystemDesignOptions I

A list of major system and componentdesign options applicableto LOX/HC
w

propulsionsystems is presentedin Table II. In order to limit the number of

options to be evaluw_t.ed,only the key elements (system,tankage,and feedline) |
|listedinTable Illwere selectedfor evaluationin Phase I. Combiningthe design

optionsof Table Ill with the four propellantcandidatesresulted in the Phase I m

systemevaluationmatrixpresentedin Table IV. The rationalefor this matrix is |

describedin detail in Reference(3).

_ 2.3 Design Requirements

I
Requirementsemployed for the Pha_e I system evaluationswere divided into

mission, envelope, reliability,and component weight and sizing categories. I
I" GenericOMS.and RCS missionduty cycles consistingof engine and thrusterOn/off W

L

i. timeswereprovidedby the MDAC-STLAPS Project. These duty cycleswere originally Ideveloped by NASA-JSC and were employed for the APS static firing tests at

_: NASA-WhiteSands Test Facility. In this study theywere used to performtank and
R

analyses. For comparingaVand total impulsecapabilitiesof the I
feedlinethermal

_' candidatepropellantsand system conce'ptsthe forward RCS module and aft pod

Ii_ envelopeswere constrainedto the currentdimensions. In additionOMS engine and
,.., i

r., 6 I
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TABLE II

LOX/IiCOMS-RC$DESIGNOPTIONS

, Overall systemoptions

- pump versus pressurefeed

- cryogenicversus ambienttemperaturepropellantfeed

- commonversus separateOMS/RCStanks

- heliumversus boost pump NPSP

- NBP versus subcooledpropellantstorage

- propulsiveversus non-propulsivegas generatorvents

- subcriticalversus supercriticalpropellantstorage

. Pressurizationassemblyoptions

- ambientversusLOX storeC heliumtank

- separateversuscommon helium supplyfor fuel and oxidizertanks

- hydraulicversuselectricboost pumps

, Propellanttankageoptions

- insulationoptions

- conventionalversusnon-conventionaltank shape

- conventionalversus thermodynamictank vent (cryogenictanks)

- propellantacquisitionoptions

- propellantgagingoptions

- internalversusexternalentrypropell_ntsumps (commonOMS/aftRCS tanks)

. Propellantfeedllneoptions

- insulationoptions

- separatedversus thermallyshortedfuel and oxidizerlines

, Accumulatoroptions

- blowdownversushelium pressureregulatedliquid accumulators

, Engine conditionerassemblyoptions

- electricmotor versus turbinepump drive

- gas generatorversusengineexpandercycle turbinedrive

7
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TABLEIII

OPTIONSSELECTEDFOR-P_HASEI EVALUATION I

, pumpversuspressurefeed I
• NBP versussubcooledfuelstorage

•. cryogenicversusambienttemperaturepropellantfeed 'I• commonversusseparateOMS/RCStanks

• propellanttank.,.Insulationoptions

• feedlineinsulationoptions I

I

I

I

I

I

I

I

I
I

I

I

!
8

"q
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TABLEIV

PHASEI SYSTEMEVALUATIONMATRIX

:.. CANDIDATE FUELS

T

DESIGNOPTIONS ETHANOL I_ROPANE AMMONIA METHANE

PUMP VERSUS PRESSURE FEEl)(ORS AND RCS) X X X X

COMMON VERSUS SEPARATE.OMS/RCS TANKAGE X X X X

CRYOGENIC VERSUS AMBIENT TEMPERATURE RCS PROPELLANT FEED X X X X

:- NBP VERSUSSUBCOOLEDFUEL STORAGE(OMS) X

•- TANK INSULATION OPTIONS '_
!', _, LOX

' FEEDLINE INSULATION OPTIONS I

z"

- a
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RCS thrusterlengthsanddiameterswereconstrainedto thecurrentvalues, Feed

systemschematicswer_preparedfor eachsystemconceptto reflectthe Same"fail I
operational/failsafe"componentredundancyas the currentOMS and RCS, The

detailedrequirementsand constraintsemployedfor PhaseI componentweightand I
sizingwerepresentedin Reference(I).

I

I

I

I

I

I

I

I

I

I

!

I

I

I
'I

10
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3.0 PHASE I SYSTEM EVALUATIONS

The systemdesignoptionsestabllshedin Task I,] (TableIV)were evaluatedin

this task applyingthe computercodes describedin Reference(I). To illustrate

the scope of effort resultsfrom evaluationsof pump and pressurefed OMS concepts

are presented in detail followed by a summary of results for the remaining

evaluationS.

3.1 Pump VersusPressureFed OMS

Schematicsfor the pressurean_ pump fed OMS conceptsare shown in Figures2

and 3. As shown in Figure2 the pressurefed LOX/HCOMS is similarto the current

storableOMS exceptthatthe heliumbottleisstoredinsidethe LOX tanktominimize

its volume. The pump fed OMS, shown in Figure 3, incorporatesthe component

redundancynecessaryto meet the fail operational-failsafe reliabilityrequire-

ment of the currentOM$. The pumps are poweredby gas generatordriven turbines,

and pump NPSP is providedby a smallheliumpressurizationsystem. Duringstartup

the gas generatorsare suppliedwith propellantsfrom small liquidaccumulators

that operate in a blowdownmode. As in the current OMS the engine is fuel

regenerativelycooled,and a separatenitrogen supply is used for engine valve

actuation. LOX andme_ha_are fed to the engineat cryogenictemperaturesand then

ventedfrom the OMS feedlinesfollowingeach burn.

Even though the bulk density-specificimpulse product for the LOX/HC

propellantsis less than for the current storablepropellantcombination(N204/

MMH) the LOX/HC OMS provided an opportunity for improved propulsion system

packaging, The reason for this can be'seen by referringback to Figure 1 which

shows propulsionsystempackagingfor the currentsystem. By storing,the helium

bottleinsidethe L.OXtankthe requiredheliumvolumeisreducedas a resultof the

low storage temperature.(165OR),and the propellant tanks can be extended

11.5 inchesaft. The correspondingincreasein availablepropellanttank volume

Compensatesfor the lowerbulkdensityof the LOX/HCpropellants. The benefitis

mostpronouncedfor thepumpfed systemswhich have substantiallylower heliummass

requirementsfor tank pressurization,

11
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LOX FUEL

I I_ ii i "_"

" ! I ACCUMULATOR

-N D

XFEED

FIGURE 3 PUMP FED OMS SCHEMATIC

'I
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I !

Based offthe sensitivitydata _f Figure 4 fQr L(]X/propanean (]MSchamber

pressureof BOO pslawas ba_e]Inedf_r the pump fed sy_tem_in Phase I to maxlmi_e |

performance(AVcapabllity)andmlnimizewelqht, Achamher pre_surenf 100pslawas
m

,_electedfor the pressurefed _y_temba_d on prior experience, II
I

The pump and pressure fed _ystem_ arc compared in Figure 5 far all four fuel m

candidates, Thr_ecriteriaare used in the comparison;OMS AV capability,OMS wet I
weight,and OMS dry weight. To compareOMS AV capabilitythe aft pod volumewas I

fixed at the
currentvalue, To comparewet and dry weightsthe AV capabilitywas I

set equal to the currentOMS valueof 500 ft/secper pod. (Thedashedllne ineach

comparisonrepresentsthe capabilityof the currentOMS,) FrOm the comparisonsof I

Figure5 it is seen that th_ pump fed OMS offersoverridingadvantagesin termsof
w

weightand performance. This is the resultof the higheremgine specificimpulse |

that can be achievedwith the pump fed systems. For examplethe LOX/propanepump
|

fed engine ISP is 363 Ibf-sec/Ibm(with a nozzle area ratio of 240), while the |

pressurefed engine IsP is only 324 Ibf-sec/Ibm(with a nozzlea_ea ratio of 44).

As discussedin Section2.3 the overallengineenvelopeis constrainedto the same

dimensionsas the currentOMS engine. Also,from Figure5, it is seenthatethanol I
Offersthe highestOMSAV capabilityand lowestsystemdry weight. This isbecause

the LOX/ethanolcombination offers the highest bulk density-specificimpulse I

productof the candidatepropellants. Although LOX/methaneprovidesthe lowest

system weight (higheSt payload capability) for a fixed AV requirement,the I _

LOX/ethanolsystemwouldbe lesscostlysincecryogenictankageis requiredfor the
g

LOX sideOf the systemonly. On the basis of thesecomparisonsthe pumpfed OMS was |

basedlinedfor Phase II, For both aft pods the pump fed OMS offers a 3000-4000Ib I
weight advantageover the pressurefed system.

I
3.2 Summaryof Phase I Resultsand Recommendations

I
A summaryof Phase I results and recommendationsis presentedin Table V.

!
Ethanoland methanewere recommendedas the best fuel candidatesas both are

_ non-cokingand offer high performancecapability, Ethanolaffordsthe highestAV |

and total impulsecapabilitywhen sized to the currentpod envelopebecauseof its |
high density-specificimpulseproduct. Methane affords the lowest system wet

I
14 'W
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TABLEV

PltASE I RESULTSANDRECOMMENDATIONS

I. Fuels:

• Ethanol and methane are best fuel candidates

- non-coking

- high performance Capability
• Consider both ethanol and methane in Pha_e II

2. ssz  _s:
. PumpversusPressureFed:

- Pump fedOMS providesoverridingweightand performanceadvantagesover

pressurefedOMS. Baselinepumpfed OMS for Phase If. Considermethane

expandercycle for increasingLOX/methaneengineperformance.Consider

singleturbinedrive for both fuel and oxidizerpumps to reduce system

complexity.

- Pump and pressure fed RCS are comparable in terms of weight and

performance. COnsiderbatterypoweredelectricpumps for RCS feed in

Phase II to reduce pump feed system complexity and eliminate gas

generatorvent losses (Isp penalty).

• NBP versusSubcooledFuel Storage:

- Subcooledpropanestorage(at LOX temperatures)provides25% increase

in OMS AV capability.

- Do not considerfurtherinPhase IIdue to recommendationof ethanoland

methaneas best fuel candidates.

• . CryogenicversusAmbientTemperatureRCS PropellantFeed:

- Energy requirementfor amblent temperatureRCS propellant feed is

lowestfor LOX/ethanolcombination(lowmixtureratio requirement).

- Use of gas generator suppliedactive heat exchangersfor propellant

thermalconditionin9imposeshigh Isp penalties.

- Consider passive LOX thermal conditioningfor LOX/ethanolsystem in

Phase II to eliminateIsp penalty.

17 '_
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TABLE V (Continued) i

PHASE I RESULTSAND RECOMMENDATIONS

Common versus SeparateOMS/RCSTanks: i

- CommonOMS/aftRCS tanksprovideweightand performanceadvantagesover

separatetanks. They also providegreaterflexibilityin the use of n
U

OMS-aft RCS propellantsand reduce the number of feed system compo-

nents. Baselinecommon OMS/aft_CS tanks for Phase II. m

- Further evaluationis required in Phase II for common OMS/aft RCS/

for:_ardRCS tanks. Considerconicalshaped tanks to provide iml_r_oved ....
i

aft pod packaging. I

. Tank InsulationOptions:

- MLI is best performingtank insulationmaterial, i

- TG-15000 is easier to handle and installthan MLI, does not require

dewar-typetank, but allowstwice the LOX vent loss as MLI.
w

- Consider both MLI and TG-15000 as candidatemethane tank insulation

materialsin Pha_e II.
i, FeedlineInsulationOptions:

- MLI is requiredto preventexcessiveRCS LOX feedlinetemperaturesfor

30-daymissions. I

- Re-evaluatefeedline insulationoptions for both LOX and methane in

Phase II using updatedthrusterheat soakbackmodel, i

i

i

I

I

I

I

I
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L
weight (highestpayloadcapability)when sizedto a flxedAV requirementbecauseof

its h_h engine specificimpul_e.

A pump fed OMS was baselinedfor Phase II becauseit offersoverridingweight

and performanceadvantagescomparedto a pressurefed system. A single turbine

drive for both the fuel and oxidizer pumps was recommendedto reduce system

complexity,and an expander,engine cycle was recommendedfor LOX/methaneto

increaseOMS engine performance.

Pump and pressurefed feed systemoptionswere more competitivein terms of

weightand performancefor the RCS than for the OMS becauseof the lower RCS total

impulserequirement. As a resultpump and pressurefed RCS wene recommendedfor

furtherevaluationin Phase II consideringbatte_ypqwe_edelectricpumps for RCS

supply to elim_ate the Isp penalty associatedwith turbopumpsand reduce feed

systemcomplexity.

Becauseof the lowerenergy requirementfor LOX thermalconditioning(lower

oxidizerflowrate)an ambientpropellanttemperatureLOX/ethanolRCS feed system

was recommendedfor further evaluationin Phase II. In addition passive LOX

thermalconditioningwas recommendedto eliminatethe Isp penaltyassociatedwith

gas generatorsuppliedheat exchangersand increasefeed systemreliability. One

approachis the use of a passiveethanoltank heatexchangerto supplythe energy

requiredfor gasifyingthe RCS oxygen supply.

Commo_ OMS/aft-RCStanks were baselinedfor Phase II because they offer

improvedpropellantpackagingin the aft pods (higherOMS AV and RCS total impulse

capability),provide greater flexibility in the utilization of OMS-aft RCS

propellants,and reducefeed systemweight. Fully integratedtankagesystemsfor

the OMS, aft RCS, and forward RCS propellantswere recommended for further

evaluationinPhase IIconsideringthe use of conicalpropellanttanks for improved

aft-podpackaging.

Finally, it was recommendedthat evaluationof candidatetank and feedline

insulationmaterialsbe expandedin Phase II to includethe methanefeed system.
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4.0 PHASE II 6ROUNDRULES

The resultsfrom the Phase I effort,describedabove,formedthe groundrules

for the Phase II effort. These groundrules are summarized in TaUle VI. As

indicated in Table Vl two passive thermal conditioning approaches for the

LOX/ethanolRCS were selectedfor Phase II evaluation. The first employs an

ethanolfeedline he_t exchangerfor gasifyingthe oxygen flow, while the second

employsan ethanoltank heatexchanger. In the first concept(Figure6) the fuel

flow is pre-heatedusing a hot gas heat exchanger,and then the fuel flow is used

• to vaporizethe 02 flow in a passivefeedlineheat exchanger. This approachwas

selectedas a safety considerationsince it precludesthe use of fuel-richgas

generatorproductsin an 02 heatexchanger. In the secondconcept{Figure7)the

oxygenflowiscirculatedthrougha heatexchangercoiledaroundthe outsideof the

ethanoltank where it absorbsheat from the environment,tank wall, and ethanol
: within the tank.

The system design requirementsand constraintsfor component weight and

sizingwere similarto thoseestablishedinPhaseI and are summarizedin TableVII.

The three noteabledifferencesbetweenPhase I and Phase II were:

• During an abort propellantswere assumedto be burnedin the OMS and RCS

enginesfor Phase I. This approachis employedin the currentOMS/RCS,
!:

:r but necessitatedsizing the turbopumpsand feedlinesfor abort flow

: demands. In Phase II an overboarddump systemwas assumedwhich allowed

sizing the turbopumpsand feedlinesfor engine flow demands.

• • In Phase I tank minimum gage wall thicknesseswere set at 0.03 arid

0.02 inchesfor aluminumand titanium,respectively. In Phase II these

were increasedto 0.06 inches to provideresistanceagainsthandling
loads.

• &

: , In Phase I the RCS accumulatorswere sized for 50 cycles per mission

whereasinPhase II they were sizedto providethe ShuttleExternalTank

: separationimpulsewithoutresupply.

21 "_
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TABLE VI I
PHASE II GROUNDRULESSUMMARY

I. Fuels: I

. ethanol

• methane I

m
If. BaselineFeed System Constraints m

• pump fed OMS

_' - singleturbinedrive for both fuel and oxidizerpumps I

- gas generatorcycle for LOX/ethanol

,/ - expandercycle for LOX/methane m
• common propellanttanks for OMS/ARCS i

I"

i. o cryogenicpropellanttanks for OMS (LOX and methane) m
' ° cyrogenicpropellantfeed for LOX/methan_RCS m

/ . ambienttemperaturepropellantfeed for LOX/ethanolRCS
m

- ethanol: liquidphase l
- oxygen: gas phase ,

* Ill. Feed S_,stemO,pti,onsto be Evaluated

• propellanttank insulationoptionsfor LOX and methane m
- aluminizedmylar multi-layerinsulation(MLI)

U

- TG-15000silicafiber insulation i

• RCS feedlineinsulationoptionsfor LOX and methane m

- aluminizedmylar MLI

- ?G-15000silicafiber insulation

" • turbopumpversus electricpump'fedRCS (LOX/ethanol)

• passive02 thermalconditioningoptionsfor LOX/ethanolRCS I

- ethanolfeedlineheat exchanger

- ethanoltank heat exchanger m

!. • pump versuspressurefed FRCS (LOX/methane) l '

. separateversus commonFRCS/aftpropulsiontanks (LOX/ethanol) m

• conventionalversus conicalaft propulsiontanks (LOX/ethanol) |
i

,, |

I,i z2
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FUEL-RICHBIPROPELL'ANT

GAS_NERATOR

ETHANOL PASSIVE

ETHANOLFROM FHEAT EXCHANGER FETHA_L FEEOLINE
PROPELLANT. HEAT EXCHANGER

TANK _ IAV/_I- _ [ .

VENT _] = GASEOUS02 TORCS ACCUMULATOR
P

LOX FROM LIQUIDETHANOLTO
PROPELLANTTANK _ RCS ACCUMULATOR

FIGURE6 PASSIVEETHANOLFEEOLINE02....H_EALLXCHA_ItCiF_BS,_Q_NCE_.T_"

... _ GASEOUS02 TO, RCS ACCUMULATOR
k

)

)

,-,--PASSIVEETHANOL
TANK HEAT EXCHANGER

LOX FROM

PROPELLANTTANK
, LIQUID ETHANOLTO

RCS ACCUMULATOR

FIGURE7 PASSIVEETHANOLTANK 02 HEAT EXCHANGERCONCEPT
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TABLEVII l
PHASEII DESIGNREQUIREMENTS�CONSTRAINTSFOR COMPONENtWEIGHTAND SIZING

it

I. HeliumPressurlzatlon.S_stem m

o commonhelium supply for fuel and oxtdtzer tanks II
o current OMS/RCSltne lengths |
o line Machnumber= 0.1 (Maximum)

!1

o real gas effects
o solubility effects

o propellant vapor pressure effects I
o line material: 304Lstainless steel (SS)

o polytropicexponent= 1,0 (heliumbottleinsideLOXtank)
o regulatorpressureratio= 0.7 (outlet/minimuminlet)

J

o tank shape: spherical I
o tank material: 221g-T87 aluminum(A1) I
o s_orage pressure: 3000 psia []
o ultimatefactorof safetyfor heliumtank= 1.5 m

i

Zl. PropellantI.Tanks I
o propellantdumpedoverboardduringan abort

o tank volumedetermination m
i

- impulsivepropellantvolume

- 2%11quld residuals by volume m
. 98%vapor residuals by volume |

- tank boil-offloss (LOXandmethane) I!
- OMS feedllnechllldown/ventloss (LOXand methane) I

• . - 5%ullage volumeat storage temperature m

o CommonOMS/ARCStank shape I_

- cyllndrlcalwith.oblatespheriodend domes,or

: - conicalwithoblatespheriodend domes I
o CommonOMS/ARCStanksare constrainedto equallengthsto permit

attachment to commonaft pod bulkhead mw
-_, o FRCStank and entry sunlpshape: spherical

!: I'

• 24 |
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TABLE VII (CONT.INUED)

PHASE II DESIGN REQUIREMENTS/CONSTRAINTSFOR COMPONENTWEIGHT AND SIZING

o materlals

- LOX: 221g.T87A1

. fuel: 2219-T87A1 or 6AI-4V.titanlum(Ti) (whicheverIs lighter)

o minimum gage thickness (0,06 In.)

o ultimatefactor of safety = 1.5

o insulationoptions (LOX and methane)

- aluminizedmylar MLI with thermodynamicvent _ystem

- TG-15000silica fiber insulationwith thermodynamicvent system

o propellantacquisition: surfacetension screens

,. o OMS propellantgaging: capacitanceprobes

i_ o RCS propellantgaging: P-V-T

Ill. RCS Accumulators

o sized to provideShuttleExternalTank separationimpulsewithout

resupply

o shape: spherical
i'

o blowdownaccumulatoroperation(isentropicblowdownprocess)

,, o materials
_" - LOX: 221g-T87Al

_. - fuel: 221g-T87Al or 6A1-4VTi (whicheveris lighter)
!,

i.,. o minimum gage thickness (0.06 in.)

i o ultimatefactor of safety = 1.5

I; o insulationoptions (LOXand methane)
i •

_ - aluminizedmylar MLI without vent

- TG-15000silica fiber insulationwithout vent

o propellantacquisitionfor liquidaccumulators: surfacetension screens

IV. Propellent Feedlines
;,.
!_ o CurrentOMS/RCS 11ne lengths

ii o pressuredrop criteria:
i - 0.5 pst/ft for pressure-fed system
t.
i.' - 1.0 psl/ft for pump-fedsystem

L,." , _. , ............................... i i i HH ' ...... ',, '...... " _'_
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TABLEVI,I (CONTINUED) I
PHASEII DESIGNREQUIREMENTS/CONSTRAINTSFORCOHPONENTWEIGHTANDSIZING

am

o Oarcy friction factor I
o tsenthalptc expansion process I

1o materlal: 2219-T87 AL

o minimum gage = 0.028 tn. m
o ultlmatefactor of safety: I

- 4,0 for diameters < 1,5 in,
Ille.

o linear and angular compensation joints

0 insulationoptionsfor RCS feedlines(LOXand methane) I
- alumini.zedmylar MLI

- TG-15000 silica fiber insulation I

V. ,,,GasGeneratorExhaustVent Line l
o line Mach number = 0.3 (maximum) |
o Fanno line analysis m

o line length: 20 ft I
o exhaust nozzlearea ratio = 2.0

vent for OMS; nonpropulsivevent for RCS l0 propulsive

o line material: 304L SS

o minimum gage and ultimate factor of safety: sameas feedltnes l
I

I

I

I

I

I
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5.0 PHASEII COMPONENTCHARACTERIZATION

The computercodesde_crlbedin Reference(i)were upgradedinthistask. The

weight and performancecode was modified to incorpnratenew englne weight und

performancemodels for LOX/ethanoland LOX/methaneand new electric pump weight

modelsfor the RCS. The tankheat transfercode was modifiedto incorporatea new

ethanoltank 02 heat exchangermodel, while the feedline heat transfercode was

modified to incorporate an improved thruster heat soakback model. These

modificationsare describedbelow.

5.1 Weight and PerformanceModels

RevisedOMS and RCS enginemodels weredevelopedby ALRC and were providedin

the Reference(2) appendicies. The OMS engine models assumedfuel regenerative

cooling,whereasthe RCS enginemodels assumedfuel film cooling. The OMS engine

modelwas basedon a singleturbinedrivingboth the fuel and oxidizerpumps. A gas

generatorcycle was selectedfor the LOX/ethanolOMS, while an expandercyclewas

selectedfor the LOX/methaneOMS. In the expandercyCle gaseousmethane leaving

the enginecoolingjacket is used to drive the turbine. Th_..methaneexitingthe

turbine is then routed directlyto the engine injector avoiding the vent loss

associatedwith the gas generatorcycle. Parametricweight and performancedata

weregeneratedas a functionof chamberpressureas illustratedin Figure8 for the

LOX/ethanolOMS engine. In this examplethe nickel (Ni) chamberprovideslower

performancethan the Zirconium-Copper(Zr-Cu)chamberbecauseof high supplemen-

tary film coolinglosses. As a result a Zr-Cu chatmberwas baselinedfor the OMS

engineto providemaximumperformance.
J

Electric motor operated RCS pump weights were al_,)generated by ALRC

(Reference(2) appendicies)for incorporationinto the APSDS code, These were

based on an alternatingcurrentdesign,and typicalparametricdata are presented

in Figure g for LOX. Correspondingbatteryweights for meeting the RCS total

impulserequirementwere developedby NASA-JSCand are shown in Figure10 for both

silver-zinc(Ag-Zn) and lithium batteries. The lithium batteriesrequire new

technology developmentbut were baselined for the study because of their low

weight.

, 27

....... ............... 1983016279-'FSC10





=_

LOX/ItYDROCARBON
AuxlilanyPMnpuldnNSysTm.STudy ._eenTMnC
FINALI_I,.IMMAFIYnI_POFIT JULYIt1_

ORICIINALI,,,..,.
OF PQLJR O.U,"_LI'I_'

DISCHAIE
I_,_Ul_, I_IA

+ | .... | - * , | , + _ .... I '. I I 1_1+_"', _ z.-_+ 1000
........_I,"++-:-:I_-+..:-:-:..I;.,..-__.I,+__-._,___J;-,...,--.-.,_;!s._:+u;;r-d_.-;,.,_-;J_-J;.,;_
...........L.:., l....-- --:_ ," ... + :,--'-_,'-.---';':_-_:i

4o.o ::+" .,!'..-+-;-:+'-;"+: ,,:,..........__ _ . .+:::_--"_':":;:+'_"::":'I ".T'._:_;_;. _'__ "_. "_*-± :- t _ %.L:.-t.__'__" " +,,:.,, +-'+'7.,:"*'_'--_aW_.

+-++......._;..........I........._................_.-.-:.....:-_----.--r+A_........._ ....

• ,;: I ; ;-. +.......,-:., .UZ,-T . +.+ "' • +;.._-+--.+--;--,.... "--t-J,._-3.'_-:--T"

zo.o ....................:_-++t/'?:.-._--:-;-_--.._._-+-.-H-_-_r-.-......_+;.-:......300

.........+--++ +.+ • ! J_. ',-J . : .._r- , . J + + !.....i ] + ]_. ..,

10.0 + ......./'. 'I'./ I . _,I _..#e'T.:_, l]I.1+_.:._ll.......

_._.'-----._--'-t_=_-----_ ...... __T -_-G--'7--.-_. ! i_i _.,- --'+;--'----.... -+ _
-q--i-r-+,-,-+-¢--',-_-

7.0 ....... -...... ...........

+++o ....., : . : - : +: + ; - : _ + + + + -' ] + ] ' : _-,_ _ : • : ,

4.0 :_i---:------_...... '-___, ..... .... .L__=.-_++.:______=.+;-_ _L'+.u.+ " _',.....
...................... [

! ', , _ . .t . _ _ : , _ ,, i ...... "..... . • - : " : • , "
-: ----'-==1=:----.-- ..-::.+: : .-=-:-:-:-I ;:-=':=--::-=--L.=---::_ +. ] i,i,i;i-j+i];..M

3,,0 .......:.-c-+.... -t +-. --7..... t-+ .... ................_. .....:.-+- : ? ; + .' : +;, ,..;. ......,

:_:.... - "-_-=-.-4.------- L_-.-:--+-I-...... I.--,+ -4- , , ....... ; .+.,
] I l I L J _ + : i ++.---.,

............ ,+ ........: _ + + -_ ............. _ . . +. , ._I [ : : ] j j ] l.l. l . . +' _ . .

210 ; ; [ ..... ; I. ] I ..... ,,;,........

0 2 4 6 8 10
FLOWRATE,LBSISEC

FIGURE9 LOX ELECTRICMOTOR AND PUMP WEIGHT

29 'q

-- ..... "' ' ......................" ......... " +"',,.,.,,,,.,.................................. _ ........ .___._2"......-_; ........... ............ ...... ..

1983016279-TSC12





i !r _i

LOX/tt]VDROCARIOIQN
Auli|iAnyPnoputslo_Syttm Stedy .epOnTMDCI_i'/l_

FINAL I_UMMAflY REPORT JULY lft_ j ,

_- 5,2 TankHeatTransferMedals

Th_tankheattransfercod_wasmodifiedinPha_oI]toInclud_thecapability

toanalyzem_thaneandtoprovid_a nowsubroutineforevaluatlnga pa_Giv__thannl

tank01 heatexchanger.The othanoltank02 heatexchangermod()lIs _h_wnIn

Figure11, ThO 02 heatexchangeris coiledaroundtheoutsidewallof theethane]

tankwhereIt,absorbshealfromthetankwall,theenvironment,andliquidethanol

withinthe tank, The 02 flowenterstheheatexchangerasa cryogenicliquidand

exitsasasuperheatedvapor.TheheatexchangerlineisdividedIntosegments,and

the energyand mass conservationequationsare solvedfor each segment, lhe

subroutinecalculate_the 02 exit temperatureand liquidethanoltemperature

insidethetankduringspecifiedOMS-RCSmissiondutycycles.Amass inventoryis

madeto accountfor the decreasein ethanolquantityduringthemission,

5.3 FeedlineHeatTransferModels

Thefeedllneheattransfercodewasmodifiedto incorporatethethrusterheat

soakbackmodelshowninFigure12. Inthismodelthe heatsoakbackis calculated

basedon thethermalresistancebetweentheinJecto_.andvalveandthetemperature

differenceprovidedby Figure12. The computercodemaintainsan inventoryof

thrusterpulsesand thetimebetweenfiringsand thenappliesthe injector-valve
temperaturedifferencegivenby Figure12 to computethrusterheatsoakback.

31
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6,0 TASK IZ.3--PHASEII SYSTEMEVALUATIONS

The evaluationsperformedin this task are summarizedin Table VIII. They

include the Phase II design options identified previously in Section 4.0

(TableVl),designpoint sensitivityanalyses,and side-by-sidecomparisonsof the

most attractiveLOX/HC systems with a LOX/H2 system and the current storable

propellantOMS/RCS. Systemweightand performancedatageneratedto supportthese

evaluations were provided in the Reference (2) appendicies. The following

paragraphssummarizethe resultsand conclusionsderivedfrom these evaluations.

6.1 Tank InsulationEvaluations

Methane and LOX insulationconceptswere evaluatedfor common OMS/ARCS and

separateFRCS propellanttanks. Based on the Phase I results two insulation

candidateswere selected for evaluation--TG-15000silica fiber insulationand '

aluminizedmylar multi-layerinsulation(MLI). The propertiesof the candidate

insulationmaterialsare showm in Table IX. The MLI exhibitsthe lowest vacuum

thermal conductivitybut requires a vacuum cover (dewar-typetank) to prevent

moisturedegradation.TheTG-15000 insulationiscurrentlyemployedon the Shuttle

aft pod internalmoldline. It is attractivebecause it is easier to handle and

installthan MLI and is not susceptibleto moisturedegradation(doesnot require
a vacuumcover). Itsdisadvantageis a highervacuumthermalconductivitycompared

to MLI. The tank insulationevaluationswere performed using the tank heat

transfercode (Reference(3))applyingrepresentativeOMS-RCSenginefiringcycles
for a 30-daymission.

The measureof tank insulationeffectivenessis the propellantboil-off(vent

loss)thatoccursduringthe mission. Thirty-dayvent lossesfor the two candidate

insulationmaterialsare comparedin Figures 13 through16 for a commonOMS-ARCS

tank and a separateFRCStank. Resultsfor methaneare presentedin Figures13 and

14, whereas resultsfor oxygen are presentedin Figures 15 and 16. As shown inI

thesefiguresthe vent losswith 1.0 inch of MLI is approximatelyone-halfthat of

1.5 inchesof TG-15000insulation.Asaresultoftheseevaluations 1.0
inchof MLI

was baselinedfor the LOX and methane storagetanks.

[ 3s
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TABLEVIII

PHASE II SYSTEMEVALUATIONTASKS i
II

!
I. Tank InsulationEvaluations(Methaneand LOX)

2. RCS FeedlineInsulation.Evaluations(Methaneand LOX) |

3. GOX/EthanolRCS FeasibilityEvaluations | ',

• TurbopumpRCS propellantfeed with ethanolfeedline02 heat exchanger m

• Electricpump RCS propellantfeed with ethanoltank 02 heat exchanger |

4. LOX/Ethanoland LOX/MethaneOMS-RCSSensitivityAnalyses

• OMS and RCS chamberpressure i

• RCS accumulatorblowdownpressureFatio

• OMS and RCS specificimpulse |

• propellanttankminimum gage thickness

5. SeparateversusCommon FRCS/_ftPropulsionTanks i
I6. ConvertionalversusConical; _pellantTank Shapes

7. Pump versus PressureFed FRCS

8. Side-by-SideOMS/ARCSComparisons |

• LOX/ethanol

• LOX/methane

• LOX/H2

• CurrentN204/MMH |*

I

. I

b !

I,
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TABLEIX

" PROPERTIESOF CANDIDATEINSULATIONMATERIALS

i_-
i--_ i ill i i ,, ,,

h_--. AMBIENT (I) EVACUATED (21 i3)
;2, INSULATIONMATERIAL THERMAL (3) THERMAL (3 HEATCAPACITY DENSIT_
: CONDUCTIVITY CONDUCTIVITY BTU/{LBM-eR) LBM/FT_

i, B_II(HR'FT'°R) BTUI(HR'FT'°R)
i.," i i i i

i ,

: TG-ISO00 FIBROUSINSULATION(41 0.0123 0.00075 0.2 2.0
NRC-2 SING6Y ALUMINIZED

: MYLARMLI (SO LAYERS/IN) 0.06 0.000038 0.27 1.14
": WITH Bg PERFORATION

| -
.

"_ ii!GROUNDHOL_ONDITIONS. PRESSURE.14.,PSIA .

" ORBIT CONDITIONS.PRESSURE= VACUUM
: _I' PROPERTIESEVALUATEDAT A MEANTEMPERATUREOF 180°R.

TG-15000 INSULATIONIS EMPLOYEDONTHE ORBITERAPS PODINTERNALSURFACE.

i,

;.,
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6.2 RCS Feedl_ne InsulationEva]uat|on_

I,
MLI and TG_laaOa in_ulatlonmaterials were also evaluated for cryogenic

methane andLOXRCS feedllnes. The_ evaluation_ were performed u_inq thP feedllnP I
Iheat transfer code (Reference (3)) and employed the thruster heat _oakback model

described in Section 5.3. The evaluat4ons were performed for a manifold I '

arrangementin which all the RCS propellantis cor_s_medthrougha singlethruster I
manifoldfeedingthe requirednumberof primaryand vernierthrustersfor Orbiter

I

three axis attitudecontrol. (Shoulda thrusterfailureoccur with this manifold I

arrangement--i.e.,failed open thruster valve--the primary manifold would be

isolatedand a back-upmanifoldactivated.) I

I

Summary plots of maximum methane feedline temperatureas a function of I
I

accumulatortemperatureand usage rate are presented in Figures 17 and 18 for

TG-15000 and MLI, respectively. As shown in Figure 17 for TG-15000 insulation I
Imethan_feedlinetemperaturesare maintainedbelow the vaporizationlimitfor the

7-day thrusterusage rates but exceedthe vaporizationlimitfor the lower 30-day I

usage rates. However, with MLI (Figure18) methane feedline temperaturesare I

maintainedwell below the vaporizationlimitfor boththe 7 and 30-dayusagerates.

Similartrendsare evidentfor LOX feedlinetemperaturesas shownby Figuresig and I
20. As a resuit of these evaluationsone-inch of MLI was baselined for the

I

cryogenicmethane and LOX RCS feedlines. I

6.3 GOX/EthanolRCS FeasibilityEvaluations I
I

Two feed system approacheswere evaluatedto determinethe feasibilityof I

. gaseous02 (BOX)feed inthe oxygen/ethanolARCS. The first usestheOMS turbopumps I

to resupplythe RCS accumulatorsand an ethanolfeedlineheat exchangerto gasify

i the RCS oxygen flow. The second uses small electricpumps to resupplythe RCS I
i accumulatorsandan ethanoltankheat exchangerto gasifythe RCS oxygenflow TheI"

I: advantageof these approachesis the eliminationof insulationon the RCS oxygen I
ii accumulatorand feedline_. I

I'

_" The first feed systemapproach,using the OMS turbopumpsto resupplythe RCS I

li accumulators,is shown in Figure 21. Thls approach uses two heat exchangers I
_ 42
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upstreamof the RCS accumulatorsta thermallycondi.tlonthe RCS 02 supplyand avoid

the use of fuel-richgas generatorproducts in an 02 heat exchanger. DuringRCS I
accumulatorresupplyfuel le_vingthe OMS turbopumpis firstpreheatedto 660OR in

a heatexchangerby reactionproductsfrom a separatefuel-richgas generator. The i

hot fuel iSthen used to thermallyconditionthe 02 resupplyflowfrom 165 to 370OR N

in apassivefeedlineheatexchanger. The passivefeedlineheatexchangeroperates =

at a low oxidizer-to-fuelflowrate ratio (1.0) to enhance _ts 02 heating ]

capability. The RCS thrustersalso operateat amixture ratio of 1.0 so that the

accumulatoroutflow is at the samemixtureratio as the resupplyflo_. Since the |

i

singleshaft turbopumpsdeliverpropellantsat a fixed oxidizer-to-fuelflowrate

ra_io of 1.72:1,.theexcess02 flow is routedback to the LOX tank by-passingthe I
he.atexr.hanger.

The ethanol and GOX accumulatorsoperate in a blowdownmode. The ethanol I

accumulatorcontain.saheliumchargewhichexpandswithoutflowand compresseswith l

resupplyflow. Resupplyof both accumulatorsis controlledby pressureswitchesin |

the ethanol accumulator. Despite variations in accumulator pressures and

temperaturesduringthe missioncontro_ver RCS thrustermixtureratiois achieved I

throughthe useof an electroricpressureregulatorand thermallyshortedfeedlines

downstreamof the accumulators.The 02 accumulatoroutletpressureis controlled IP

in responseto ethanolaccumulatorpressurewith the electronicpressureregula-
I

tor, while 02 and ethanol fluid temperaturesare equalizedwith the thermally I
shortedfeedlines. |

Evaluations using the tank heat transfer code showed that reasonable I

accumulatorpressuresand temperaturescould be maintainedwith this feed system I

approach. However,the approachhas the followingdisadvantages: I

• largenumberof turbopumpcycles ( 50 per mission)

complexityassociatedwith the use of an 02 heatexchangerbypasscircuit i
and a separategas generatorfor fuel pre-heating

. low RCS performance(gas generatorvent losses coupledwith low RCS I
I

_ mixtureratio).

The second feed system approach,'usingdedicatedelectric motor pumps to I

resupplythe RCS accumulators,is illustratedin Figure 22. In this approach02

48
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thermalconditioningis achievedusing a passiveethanoltankheatexchanger. The

02 enters the heat exchangeras a liquidat cryogenictemperature,absorbsheat |
from the environment,tank wall, and ethanol inside the tank and exits the heat

exchanger as a superheatedvapor. The effectivenessof the ethanol tank heat |

exchangerisshown in Figures23 and 24 for a representati_e7-dayOMS-RCSmission l

duty cycle. The heat exchangerwas sized for two primaryRCS thrustersfiring m

simultaneouslyin order to meet the back-up RCS deorbit burn requirement. |

Figure23 showsthe 02 inletand outlettemperaturehistoriesoverthe 7-daypriod.

outlet temperatureis 425°R and occurs 24 hours into the mission |The Coldest02

during the period of maximum RCS usage. Figure 24 shows the corresponding

temperatureand quantityof ethanolremainingas a functionof missiontime. The. |

coldestethanoltemperature(430OR)also occurs at the 24 hour _oint.
m

Examplesof RCS accumulatortemperature-pressureresponsewith the electric I

pumpresupplyapproachare showninFigures25 and 26. Figure25 showsthe response m

of the liquid ethanol accumulator,,while Figure 26 shows the response of the I

gaseous 02 accumulator. For these examples the temperaturesof the fuel and m

oxidizerreSupplyflows were set equal to their minimumvalues (430ORand 425OR, I

respectively). In order to minimizeelectricmotor weight and power requirements

pump dischargepressureswere set at 500 psia. Unlike the preceedingOMS-RCS I

conceptwhich usedthe OMS turbopumpsfor resupply,the ethanoland02 accumulators
J

do not haveto beresuppliedat the sametime, and the RCS thrusterscan be operated I

at optimum mixture ratio (1.3 to 1.4). Similar to the preceedingconcept an

electronic pressure regulator and thermally shorted feedlines are employed

downstreamof the accumulatorsto controlRCS thrustermixtureratio (Figure22). |

The resultsof Figures23 through26 demonstratethe feasibilityof a hybrid I

RCS feed system(gaseous02 and liquidethanol)inwhichelectricpumpsare usedfor

accumulatorresupply and a passive ethanol tank heat exchangeris used for 02 I

thermalconditioning.Theadvantagesof thisconceptare its simplicity(no active

gas generator-heatexchanger assembly or bypass circuit), high RCS specific I
I

impulse (no vent losses), and the low number of OMS turbopump cycles. Its

disadvantagesare the lower RCS flow (thrust)capabilitydue to the passivetank •

exchangerand weight/powerpenaltiesas'sociatedwith electricpumps. Becauseof I
its attractiveness,the electricpump resupplyapproachwith passiveethanoltank

I
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• 7-DAYOMS-RCSMISSIONDUTYCYCLE
• HEATEXCHANGER02 FLOWRATE: 3.3LBM/SEC { DURING

• HEATEXCHANGERINLETTEMP. iB2°R I RE.SUPPLY• HEATEXCHANGERINLETPRESS.: 500 PSIA

80 11 140 Ir+O II
ltSStgNTIME,R

FIGURE23 02 TEMPERATUREHISTORIESFOR PASSIVEETHANOL
TANKHEATEXCHANGER
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:_' , /-DAYOMS-RCSMISSIONDUTY CYCLE

, HEAT EXCHANGER02 FLOWRATE,,3.3 LBM/SEC { DURING I
, H[AT EXCHANGER02 INLET T_MP. • 162_R l RE-SUPPLY

• HEAT EXCHANGER02 INLETPRESS.= 500.PSIA I i

I ,
I

It ' " ' II

t

I

_, . i I
-_$

' |' L__

i" uJ L

_/ ' I' " _ Lm I__ Io t o t o?!

FIGURE24 ETHANOLTEMPERATUREAND QUANTITYHISTORIESFOR I" PASSIVEETHANOLTANK HEAT EXCHANGER
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• ELECTRICPUMPSUSEDTO RE-SUPPLYRCSACCUMULATORS
• LIQUIDETHANOLACCUMULATORVOLUME=2.4/PT.-
• RE-SUPPLYCONDITIONS

FLOWRATE = 2.5LBM/SEC
TEMEERATURE=430OR
PRESSURE = 500PSIA

• ACCUMULATORRE-SUPPLYSWITCHINGPRESSURES
INITIATION= 350PSIA
CUT-OFF = 500PSIA
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m

ELECTRICPUMPS USED TO RE-SUPPlYRCS ACCUMULATOR5
GASEOUS02 ACCUMULATORVOLUME 13.8 FT_

RE-SUPPLYCONDITIONS IFLOWRATE = 3.3 LBM/SEC
TEMPERATURE_ 425°R
PRESSURE = 500 PSIA Ha

• ACCUMULATORRE-SUPPLYSWITCHINGPRESSURES I
INITIATION = 350 PSIA
CUT-OFF = 500 PSIA

4

lil , , |

° i

,, I

I
_ FIGURE26 RCS GOX ACCUMULATORMISSIONRESPONSE

.- (ELECTRICPUMP RESUPPLY) I ,,
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02 heat exchanger was basellnedfor the LOX/ethanol(}MS-ARCS, An attractive

; back=upthermalconditioningapproachis the dual fuel heat exchangerconceptof

: Figure 6 which eliminatesthe use of hot, fuel_rlchgas generatorproducts to

thermallyconditionthe 02,

6,4 LOX/Ethanoland LOX/MethaneOMS-ARCSSensitivit_

The selectedbaselinefeed systemsfor LOX/ethanoland LOX/methaneare shown

in Figures 27 and 28, respectively. Both concepts employ common OMS-ARCS

propellanttanks, dedicatedelectricpumps for RCS supply,and compQnentredun-

dancy for satisfying the fail-operational/fail-safereliability requirement.

i. Redundantlithiumbatterieswere baselinedfor poweringthe electricRCS pumps.

In-lineentry sumps are providedjust downstreamof the propellanttanks. These

sumpsremainfull duringthe missionand providea.dedicatedpropellantsupplyfor

ARCS operationduring entry. Overboard abort dump systems are provided just

downstreamof the entry sumps. The OMS engins_ystememploysa singleturb_nef.or

driving both the fuel and oxidizer pumps. A gas generatorcycle is used for

LOX/ethanol,whereas _ methane expander cycle is used for LOX/methane. The

LOX/ethanolARCS is a hybridfeed systemdeliveringgaseous02 and liquidethanol

to the thrustersthroughuninsulatedaccumulatorsand feedlines. The 02 thermal

conditioningisprovidedby a passiveethanoltank heatexchanger. The LOX/methane

ARCS is a liquid feed system deliveringcryogenicpropellantsto the thrusters

throughinsulatedaccumulatorsand feedlineS.

Sensitivityanalyses were performed for both system concepts to define

optimumchamber pressuresand accumulatorblowdown ratios and to determine the

impactof variationsin engine specific,impulseand.propellanttank minimum gage

thickness. The results of these sensitivityanalyses are presented in Refer-

ence (2), however, the chamber pressure optimizationsare summarized in the

followingparagraphs.

i; The weight sensitivityof the LOX/ethanolsystem to OMS engine chamber

:_ pressureis shown i' Figure 29. An OMS chamberpressureof 600 psia was selected
i"

i. as near optimumfor the LOX/ethanolsystem. Lowerchamberpressuresprovidelower

i°

"! performanceand higher system weights, while higher chamber pressuresrequire

55
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supplementaryfilm coolingand more complexchamberdesigns. OMS chamberpressure

sensltlviti_swere not developed for the LOX/methane system since chamber

pressuresg_eaterthan 400 psiawere not practicalwith the expandercyclo du_ to

insufficientenergyfor poweringthe turbine. As a result an OMS chamberpre_surh

of 400 psia was solected for the LOX/methane system to provide the highost

practicalperformanceand minimizesystemweight.

The weight sensitivitiesof the LOX/ethanoland LOX/methanosystemsto RCS

engine chamberpressureare presentedin Figur_ 30. An RCS chamber pressureof

100 psia was selectedas near optimumfor both systemsbecause it provides lo_

weightand minimizesthe sizeand power requirementsfor the electricmotor pump_. ..

6.5 Separate versusCommon FRCS/AftPropulsionTanks

Comparisonsof separateversuscommon propellanttanks for the FRCS and aft

propulsionpods are shown in Figure 31. These comparisonswere performedfor

LOX/ethanolwith the pod volume constrainedto the currentdimepsions. For the

commonsystemfeedlinesare routedalongthe lengthof the Orbiterto interconnect

the forward and aft pods (Figure32). As shown in Figure 31 the common system

provideslowerOMSAV capabilitydue to the loss of availablepropellantvolume in

the nose. (Forthesecomparisons100%of the currentRCS total impulserequirement

was provided.) This lossin propellantvolumecan be compensatedfor by employing

conicalshapedtanks in aft pods as discussedbelow.

6.6 Conventionalversus ConicalPropellantTank ShaRes

' Comparisons of OMS AV capability for conventional and conical shaped

propellanttanks are presentedin Figure 33. The conical shaped tank employsa

conicalbarrelsectionwith anellipsoidalenddome and hemisphericalforwarddome.

This geometry enables the propellanttank to conform more closely to the pod

moldline and provides increasedpropellantvolume within the pod. As shown by

Figure33 anOMSAV of 630 ft/secper pod can be achievedusingconicaltanks in the

integratedforwardand aft propulsionsystemconcept. This iswell inexcessof the

i: 500 ft/secprovidedby the currentstorablesystem. Furthermore,if conicaltanks

i are employed for a separate aft propulsionsystem (OMS and ARCS), an OMS AV of
i
* 59 "_
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690 ft/seccouldbe achieved. On the basisof thisevaluationitwas concludedthat

6.7 Pump versusPressureFed FRCS I

Comparisonsof pressureand electricpumpfed FRCSare presentedinFigure34, I

These comparisonsare for a separateLOX/methaneFRCS having a thrusterchamber

of 100 psia which was found to be near optimumfor both the pressureand Jpressure

electricpump fed FRCS. As shown in Figure 34 the pressurefed FRCS has lowerwet

and dry wetghts, As such a-pressurefed systemwas baselinedfor a separateFRCS. |

It is not only lower i_ weight but has fewer comppnents (no pumps, liquid
!

accumulators,or batteries)and providesthe sameperformance(Isp)asthe electric |
pump fed system. I

6.8 Side-By-SideOMS/ARCSComparisons

The final effort in the Phase II System Evaluationtask was to perform a I_
side-by-sidecomparison of the LOX/ethanol and LOX/methane OIv_S-ARCSwith a

similariyconfiguredLOX/H2 system,as well as the currentstorableOMS-ARCS. The I
resultingweight and performancecomparisonsare presentedin Figure 35. The

LOX/H2 systemwas configuredto the same groundrulesas the LOX/methaneOMS-ARCS I(Figure28) and employed a cryogenicliquidfeed system for the ARCS, However,

becauseof its low AV capability(],50ft/sec)it is not a practicalcontenderfor

, a "secondgeneration"OMS-RCS. The LOX/ethanolis the best systemconceptbecause I

of its highAV andtotal impulsecapability.Ethanolisa storablepropellantwhich

does not requirea tank insulationsystem. Insulationis also avoidedin the RCS I

, feed system(accumulatorsand lines)by thermallyconditioningtheRCS 02 supplyto

a superheatedvapor (Figure_7). I
l:i

I

i
!,
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/ 7.0 CONCLUSIONSAND RECOMMENDATIONS

The overall study conclusionsare summarized in Tab]e X. An integrated

LOX/ethanolOMS-ARCS(Figure27) was selectedas the best systemapproachbecause

of its superiorityin terms of OMS Z_Vand RCS total impulsecapability. The

_; LOX/ethanolsystem allows use of a simple, non-insulatedRCS feed system, and

recent tests--Reference(4)--haveshown that the LOX/ethanolpropellantcombina-

tion is clean burning (non-coking). Because the propellantsare low in cost,

non-toxic, and non-_orrosive,the operationalcosts for a LOX/ethano]OMS-RCS

would be substantiallyless than the currentN204/MMHsystem.

A pump fed OMS was selectedover a pressurefed systembecauseof overriding

weightand performanceadvantages.For two pQds the pump fed OMS is approximately

3000 Ibs lighterthan a-pressurefed system. In,additiona singleturbinedrivefor

both the fuel and oxidizerpumps was recommendedto reducefeed systemweight and

complexity.

Common propellanttankswere recom._endedover separatetanks for the OMS and

ARCS propellantsbecausetheyprovideimprovedpropellant_ackaging(higherAV and

total impulse capability) and greater mission flexibility. Furthermore,to

providemaximumperformanceand avoid usingthe OMS turbopumpsfor ARCS propellant

feed, small,dedicatedelectricRCS pumpswererecommendedfor resupplyingtheARCS

accumulators.

A hybrid,ambienttemperatureRCS propellantfeed systemwas recommendedto

eliminatethe need for insulatingthe RCS accumulatorsand feedlines. The RCS

• oxygen supply is thermallyconditioned,to a superheatedvapor using a passive

ethanol tank heat exchanger which avoids the complexity and vent penalties

associatedwith activehot gas gederator-heatexchangerassemblies.

The new technologyrequirementsassociatedwith thisfeed systemapproachare

identifiedin Table XI, while recommendationsfor futurefeed systemstudiesare
b

summarizedin Table XII.
a
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TABLEX

OVERALLSTUDYCONCLUSIONS I

BESTFUEL- ETHANOL m
W

• HIGHEST_V & TOTALIMPULSECAPABILITY(OMS_V~600 FT/SECPER POD)

• NON-COKING I
• EARTHSTORABLE(VAPORPRESSURESLIGHTLYHIGHERTHANMMH)

• GOODTECHNOLOGYBASEFOR ENGINEDEVELOPMENT I

MOSTATTRACTIVESYSTEMCONCEPT I

• PUMPFED OMS WITHSINGLETURBINEDRIVINGBOTHFUEL& OXIDPUMPS I

- OVERRIDINGWEIGHT& PERFORMANCEADVANTAGES

(PUMPFED OMS PROVIDES3000LB WEIGHTADVANTAGEOVERPRESSURE I
FEDOMS -- 2 PODS)

- SINGLETURBINEREDUCESSYSTEMCOMPLEXITY |
l

• COMMONOMS/AFTRCS PROPELLANTTANKS(COMMONTA_ROVIDE 18FT3

MOREPROPELLANTVOLUMETHANSEPARATETANKS) |
!- HIGHAV & TOTALIMPULSECAPABILITY

- GREATERMISSIONFLEXIBILITY

• ELECTRICPUMPSFORAFT-RCSFEED 1 1

- TURBOPUMPSCYCLEDONLYDURINGOMSBURNS(CYCLELIFEREDUCED

BY FACTOROF6) i

- HIGHRCS PERFORMANCE(ELECTRICPUMPRCS Isp IS 21 SEC.HIGHER,

• HYBRIDAMBIENTTEMPERATURERCS PROPELLANTFEED(GOX/LIQUIDETHANOL)

(NOACCUMULATOROR FEEDLINEINSULATIONREQUIRED) |
I

• PASSIVEETHANOLTANKHEATEXCHANGERFOR02 THERMALCONDITIONING

- LOW FEEDSYSTEMCOMPLEXITY(NOGAS GENERATORSFOR THERMALCONDITIONING) •

- NO IspPENALTY(GASGENERATORVENTLOSS) |

I
' I
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TABLEXl

NEWTECHNOLOGYREQUIREMENTS

FEEDSYSTEM

• THERMAL.MANAGEMENTSYSTEMFOR CRYOGENICLOXTANK

- INSULATION

- THERMODYAMICVENT

- AUXILIARYCOOLING

• PASSIVEETHANOLTANK02 HEATEXCHANGER

• SURFACETENSIONSCREENPROPELLANTACQUISITIONFOR COMMONOMS-AFT

RCSTANK (CRYOGENIC)

, IMPROVEDPROPELLANTGAGINGAPPROACH

. ELECTRONICPRESSUREREGULATORFOR CONTROLLINGRCS GOX ACCUMULATOR

OUTLETPRESSURE

• LITHIUMBATTERIESOR-ALTERNATEPOWERSOURCEFORELECTRICRCS PUMPS

ENGINES

• LOX/ETHANOLOME

- SMALLHIGHSPEEDTURBOPUMPS

- IMPROVEDHEATTRANSFERCHARACTERIZATIONS,BURN-OUTDATA,& PERFORMANCE
CORRELATIONS

• LOX/ETHANOLRCE

- IMPROVEDHEATTRANSFERCHARACTERIZATIONS

- PULSEMODEPERFORMANCECAPABILITY& CYCLELIFE
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I

*_ TABLEXII IRECOMMENDATIONSFORFURTHERFEEDSYSTEMEFFORT

. DEFINITIONOF LOX TANKTHERMALMANAGEMENTSYSTEM I

_ (CONSIDERINGGROUNDHOLD,TRANSIENTLAUNCH,ANDON-ORBITHEATING

EFFECTS) !
- TANKINSULATIONMATERIALS& THICKNESSES

- THERMODYNAMICVENTSYSTEMSIZING I
ii - AUXILIARYCOOLIN6CAPABILITY(PUMPS,TANKSUPPORTS,ETC.)

:" . DETAILEDEVALUATIONOF INIEBRATEDFORWARDRCSIAFTPROPULSIONSYSTEM 1(IMPACTORORBITERINTERE_ES)
• .EVALUATIONOF SYSTEMPERFORMANCEOVERBROADMISSIONSPECTRUM

.: - OMS-RCSMISSIONO_TYCYCLEEXTREMES I

- LIMITATIONSOF E_HANOLTANK02 HEATEXCI_NGER

" REALISTICRCS THRUSTERPRESS./TEMP.BOXESTO BEGIN.THRUSTERDEVELOP. I
_J • DEFINITIONOF SYSTEMCONTROLS& FAILUREDETECTION/ISOLATIONREQUIREMENTS

: • DEEINTIONOF COMPONENTROM COSTS& SCHEDULES I
:" - PROPELLANTTANK3

- PRESSUREREGULATORS I- VALVES

= - ACCUMULATORS I., - OME

, - RCE

;2_'"
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