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A This presentation summarizes the results of a parametric study to characterize the
offour design parameteof the design of Cryogenic Propulsion Stages (€@RSs) for
candidate missionstarting in Low Earth Orbit (LEO).

Design Parameters Candidate Missions

Propellant Mass Fraction (PMF) EartAVioon L1
Engine Specific Impulsp ( Lunar Surface
BoHOff Rate Near Eart®bject (NEO)
LEO Duration (loiter Yime Mars Orbit

A These missions are representafivieiref human exploration missianghe 2020 to
2030 timeframe. Masses for the stage payloads (i.e. MPCV and habitation elemen
study were taken from ongoing NASA studies.

A The ranges of values selected for the design parameters span currently available
conservative values to realistic achievabiesmeachnology advancement goals

A The primafgure of merit for this study is launch mass to. [(Bilber systerwvel
design factors, such as cost or reliability, were not considered in this study
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Study Background

A 6month study from June through De@&iber

A SponsorebdyUnited Launch Alliance

A PerformelySpaceWorkwith technical supgmrtmUnited Launchlliance

AboutSpaceWorks

Ve

A Aerospacengineering servicemdspace systems analydiem founded 2000

A Aresponsive and nimblgtidisciplinary engineering tefocused on independent concept
analysis ardksign, technolaggsessment, and life cycle analysis at fidelity levels suitable fc
concept initiation throBGIR

A Overa decade of experiensapporting advanced design and long range planning activities
customers private industipMASADoD DARPA, and entrepreneurial spgasizations

A Three primary operating divigiongieeringCommercialandSoftware

Ve

A Two partner companiesneration Orbit Launch Services,dndTerminal Velocity
Aerospace, LLC.
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TASK 1.1: PAYLOAD MASS VERIFICATION

TASK 1.2: DELMREQUIREMENTS

A Mission 1: Eatfthoon L1 Lagrange Point

A Mission 2: Low Lu@abit (LLO

A Mission 3: Near Earth Object (NEO) Encounter
A Mission 4: Masbit

TASK 2.0 Mission Scenario Analysis Tool (MSAT) Modeling
A Mission 1: Eadithoon L1 Lagrange Point

A Mission 2: Low Lunar Orbit (LLO)

A Mission 3: Near Earth Object)(EE@Dunter

A Mission 4: Mars Orbit

OBSERVATIONS AND CONCLUSIONS

IntroductionTable of Contents
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AD MASS VERIFICATIONS({



A SpaceWorks was tasked with investigating and verifying the appropriate masses for the followi
Cryogenic Propulsive Stage (CPS) payloads:

A Orion/MulRurpose Crew Vehicle (MPCV)

A Lunar Lander (Altair)

A Long Duration Habitat (for deep space missions)
A Gateway Habitat (for Ellidion L1 or L2)

A SpaceWorks conducted a literature search of publicly available papers, presentations, and rep
investigate these masses and find reliable sources of data.

A In addition to masses, SpaceWorks recorded other relevant data about these payloads, ir
A Crew size and mission duration assumptions
A Technology level assumptions
A Dimensions and volumes
A Weight breakdown statements

A As a part of the Task 1.0 deliverable, SpaceWorks will provide the contractor with all of th
data and reference documents where applicable

Payload Mas©verview
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Source Crew Module Maa‘ Service Module | Total Mass in LEC
() Mass (kg) ()

Space.com Article Apr 2011 - - 21,250
lowa State Univ. NE@pet Oct 2009 - - 20,500
NASAfactOrion Dathget Jan 2009 8,913 12,337 21,250
NASA / White Sands Réport  Aug 2007 - - 23,395
NASAfact®rion Dathset Aug 2006 - - 23,395

NASA Project Orion Oveftview Aug 2006 8,485 - -
CEV- ESAS Final Report Nov 2005 9,506 13,647 23,153

A Original estimate is a little low compared to published data

A SpaceWorks recommends 21,250 kg based on recent NASA @
datasheet emyE . b

Original Estimate = 20,000

SpaceWorks Recommendation = 21,2

Payload Mas©rion / MPCV (for Deep Space Missions)

e Source: http://www.lockheedmartin.com/products/Orion/
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AscentStage Descent Stage | Total Mass in LE(

Source ‘ Date ‘ Mass (kg) Mass (kg) (kg)

lowa State Univ. NE&bet Oct 2009 - - 43,000
Andrews LDAC Presentfation  Jan 2009 5,331 33,887 45,000**

NASA Altair Presentdtion Oct 2008 - - 45,000
NASAfacltair Datashégt Sept 2008 6,141 37,045 43,186

NASA Altair Presentation Apr 2008 6,128 38,002 45,586*
ESAS LSAM (Ficainfijy Nov2005 10,809 35,055 45,864

* Includes separate airlock mass and payload Image Source: http://www.scribd.com/doc/18824958/Hutherddtinin unai andeProject#

** Includes reserves and payload

ye

A Original estimate of 30,000 kg is very low compared !
published data . However, all published versions of tf
lander referenced above perform the LOI maneuver.
study, the CPS will perform LOI.

A SpaceWorks investigated further to look at lander col
that do not perform LOI

Payload Mas4:unar Lander (Combined LOI and As.cent/Descen@§>
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AscentStage Descent Stage| Total Mass in

source ‘ bate ‘ Mass (kg) Mass (kg) LEO (kg)
ESAS LSAM (analysisle T) Nov 2005 9,898 18,010 27,908
ESAS LSAM (final W@ propellajit* Nov 2005 10,809 21,125 31,933
DPTL1 Lunar Landér Nov 2000 - - 29,656
Apollo 14 Lunar Laf#er Jan 1971 4,943 10,334 15,277

* SpaceWorks estimates 13,930 kg of propellant required for LOI for this system
** |1 Lunar Lander travels betweeiMeartii1l and lunar surface, rather than LLO and lunar surface

A The ESAS lander from analysis cycle 1 represents a cl _'J
design performing only descent and ascent from LLO )/

A Based on this design and the other collected data point
SpaceWorks recommends retaining the original estima
30,000 kg for the lunar lander

Original Estimate = 30,000

SpaceWorks Recommendation = 30,0(

Payload Masd:unar Lander (Ascent/Descent Only) . . coasnsass

Exploration Syst’ems A
United Launch Alliance, LLC
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Source ‘ Date Number | Duration| Habitat Inerf{ Food )‘ _Total Mass

of Crew | (days) Mass (kg) | Mass (kg) in LEO (kg)
NASA HEFThase 2 DSH Dec 2010 3 365 21,849 1,992 23,841
NASA DRM 5.0 Transit Habitat Jul 2009 6 360 28,100 13,240 41,340
DPTMars Transit Habitat Jul 2007 6 400 20,437 12,192 32,629
DPTShorStay Habitett Jul 2007 4 365 15,748 5,200 20,948
ISSTransHaBoncept Jun 2003 6 - 13,200 - 13,200
NASA DRM 3.0 Lander Hébitat Jun 1998 6 680 - - 24,268
NASA DRM 3.0 ERV Habitat Jun 1998 6 680 - - 21,915
Mars Direct ERV Nov 1997 4 200 25,200 3,400 28,600
Mars Direct Hdb Nov 1997 4 800 18,200 7,000 25,200

A Long Duration Habitat masses vary significantly

A
A

A

ULA "" Q Spacewopks SpaceWorks Enterprises, Inc.
A
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Payload Mas4:ong Duration Habitat (1 of 2)

Different assumptions are made regarding crew size and mission duration

Different studies assume different levels of technology, particular in the are
loop, partially closed, and fully closed life support systems

Different studies assume different capabilities of the habitat. In some Mars
inspace habitat also serves as the surface habitat and includes landing sys
structure.

Image Source: http://upload.wikimedia.org/wikipedia/commons/8(aifalvangbab
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* This dataset excludes th& i&%&Haboncept because the TehsHaleverages the equipment and supplies available on the station.

Ve

A Some correlation between crew size and habitat mass
A Habitat volume scales directly with crew size, and mass scales directly with volume
A Little correlation between mission duration and habitat mass
A For mission durations exceeding 100 days, habitat volume is typically insensitive to mission duration.

A Food requirement scales directly with duration, but different studies make different assumptions on fo
and hydrated vs. dehydrated foods.

A SpaceWorks recommends keeping the original estimate of 30,000 kg. This mass represents a conservative
case or an average 6 crew case.

Original Estimate = 30,000

SpaceWorks Recommendation = 30,0

Payload Mas4:ong Duration Habitat (2 of 2)

ULA /\§ SpaceWOPkS SpaceWorks Enterpriiei, Inc.
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Number of Crew | Total Mass in LEO (kg

FISO EELV Opfidn Dec 2010 3 16,000*
FISO HLV Optidn Dec 2005 4 30,500
DPT Gateway HaB#at Oct 2001 4 22,800

* Excludes1,500 kg of outfitted mass to be brougMdoEhdtl? point by separate launch system.

A Gateway Habitat is currently being studied by the Future In Space Operations
(FISO) working group

A FISO EELV Option represents latest design iteration of Gateway Habitat
A Launched in two parts to LEO using Delta IV H
A Assembled in LEO and launched tévBarit_1,2 using Delta IV Upper Stage

r

A SpaceWorks recommends using the original estimate of 16,000 kg to be consistent: "
with the latest FISO design iteration = >

Original Estimate = 16,000

SpaceWorks Recommendation = 16,0(

Payload Mas$ateway Habitat

Image Source: http://www.futureinspaceoperations.com/papers/ISU_ISS_Pres2011v3.j
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A SpaceWorks recommends using the following masses for the four CPS payloads:

Original Mass Estimate SpaceWorks Recommendatsi

Payload (kg) (kg)
Orion / MPCV 20,000 21,250
Lunar Lander 30,000 30,000

Long Duration Habitat 30,000 30,000
Gateway Habitat 16,000 16,000

Payload MasSummary

ImageCredit: SpaceWorks Enterprises, Inc.
United Launch Alliance, LLC
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A SpaceWorks was tasked with determining the required missievistfeltahe CPSs beginning in
LEO for each of the following reference missions:

A EartAaMoon L1 Lagrange Point

A Low Lunar Orbit (LLO)

A Near Earth Object (NEO) Encounter
A Mars Orbit Mission

A SpaceWorks conducted a literature search of publicly available papers, presentations, and rep
investigate these defigs and find examples of these reference missions

A As a part of the Task 1.0 deliverable, SpaceWorks will provide the contractor with all of th
data along with all of the source documents for the data when applicable

A SpaceWorks is currently modeling each reference mission with internal trajectory tools to deter
the final delt&/s to be used in the next phase of the study.

A The delt¥scalculated will be crosferenced with published data

A As a part of the Task 1.0 deliverable, SpaceWorks will provide the full set of results from tl
modeling

DeltaV Requirement©verview

United Launch Alliance, LLC

ULA @ Q SDECEWOPI(S SpaceWorks Enterprises, Inc.
A

15

United Launch Alliance



NS L
ge Point

Mission 1: Eartiic

Lagran

[t

e

'
v,

%

Q<

United Launch Alliance, LLC

ULM ’ /\Q‘\ Spaceworwksw SpaceWorks Enterpri]s_eg Inc.

p—
United Launch Alliance



A SpaceWorks has collected-dslfeom other mission examples for reference:

LEODeparturekV L1 ArrivakV Total&AV
Source

(m/s) (m/s) (m/s)

FISO Working Gr&up Dec 2010 3,074 630 3,700
FISO Working Grotfp* Sept 2009 - - 3,800
Princetoin ChouGrallat May 2004 2,800** 600 3,400
UMD- Clarke Statith May 2001 3,100 700 3,800
NASANhite Pap&r 1993 - - 3,770

* Qriginal source listed as NASA Decade Planning Team (2000)
** Calculated from C3 requirement

DeltaV Requirement&arthMoon L1 Background
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Ideal DV vs. TOF Plane Change from 28.5°
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= EQ Departure L1 Arrival Total m Plane Change DV ¢ Lunar Inclination

* Assumansertion into a circular geocentric orbit at L1 distance and lunar rotational velocity

A SpaceWorks usediternaEartAVioon patched comajectory tooldetermine ideal required LEO departure and L.
arrival delesas a function of Time of Flight (TOF) favi&@rthl missions

A Because the Moonb6s orbit inclination varies witdht
from CCAFS (inclination =PBebore performing the LEO departure maneuver

A SpaceWorks recommends the following-d&dtar LEO Departure and L1 Arrival basethis analysis. These
represent the deld required for a minimum 72 hour time of flight from LEO to

LEO DeparturV L1 ArrivaiVv TotalAV

(m/s) (m/s) (m/s)
3,070 730 3,800

DeltaV Requirement&arthiMoon L1 Analysis
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A SpaceWorks has collected-dslfeom other mission examples for reference, inclutlimggfrans
Injection (TLI) and Lunar Orbit Insertion (LOI) values when available:

Source TotalAV (m/s)
FISO Working Gr&up Dec 2010 - - 4,040
FISO Working Grotfp* Sept 2009 - - 4,000
NASACEV SM Overvigw May 2007 3,120 795 3,915
ESAS Fin&leport Nov2005 3,150 835 3,985
Farquhar Jourraticlé® June 1972 3,139 914 4,053

* Qriginal source listed as NASA Decade Planning Team (2000)

A SpaceWorks has also collected th¥/sfettan the Apollo missions:

TLIAV (m/s) LOIAV (m/s) TotalAV (m/s)
Apolld1 Mission Rep8rt Jul 16, 1969 3,183 944 4,127
Apolld.2 Mission Repbrt Nov 14, 1969 3,205 950 4,155
Apollo 1Mission Rep#it Jan 31, 1971 3,160 967 4,127
Apollo 15 Mission Report Jul 26, 1971 3,187 939 4,126
Apollo 16 Mission Report Apr 16, 1972 3,167 883 4,049
Apollo 17 Mission Réeport Dec 7, 1972 3,163 935 4,098

DeltaV Requirement&ow Lunar OrbéBackground
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Ideal DV vs. TOF Plane Change from 28.5°
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A SpaceWorks usedi@ternaEartiMoon patched comajectory tooldetermine ideal required TLI and L&Igsedta
function of Time of Flight (TOF) for Low Lunar Orbit (LLO) missions

A Because the Moonbdés orbit i nclination varies witdh
from CCAFS (inclination 5 B8fére performing TLI

A SpaceWorks recommends the following-d&dtar TLI and LLO based on this analysis. These represent the del
V required for a minimum 72 hour time of flight from LEO to LLO.

TLIAV (m/s) LOIRV (m/s)

3,150 950 4,100

DeltaV Requirementtow Lunar Orbéd Analysis
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Earth Post Mission

A SpaceWorks identified 27 candidate NEOSs fi Ca;‘ggate Launch Date | Departure | Escape Tﬁ;‘“v Duration
(m/s)
IWAWS) IWAWS) (days)

human missions that have been considered [T 5osrnzs  2/16/2016 SR i | am 123
previous studfe’s. 27,28 2008 HU4 4/5/2016 3,280 1,980 5,260 180
2004 JN1 11/26/2016 3,232 5,260 8,492 79

1991 VG 7/21/2017 3,360 2,290 5,650 180

A SpaceWorks narrowed down this list based ¢ 22000011‘;?)326 151’2;22001189 22:;‘ ‘Ei j‘g‘zg ;i
IaunCh date and tOtal reqUIred\dmta 2008 EA9 11/28/2019 3,420 2,120 5,540 180
candidates for further StUdy 1998 KY26  5/21/2020 3,362 4,164 7,526 54
2007 UN12 5/22/2020 3,300 1,450 4,750 365

2001 QJ142 4/24/2024 3,490 3,400 6,890 180

1999 AO10 9/19/2025 3,320 3,740 7,060 150

2003 LN6 12/21/2025 3,330 3,690 7,020 180

2000 SG344 4/27/2028 3,340 3,220 6,560 180

2006 UQ216 8/15/2028 3,710 3,550 7,260 180

Apophis 4/13/2029 3,448 6,601 10,049 201

2006 DQ14 8/27/2030 3,770 2,100 5,870 180

1999 CG9 8/18/2033 3,530 3,080 6,610 180

2000 LG6 1/2/2036 3,270 3,210 6,480 180

2001 FR85 9/24/2039 3,610 1,790 5,400 180

2005 LC 12/13/2039 3,310 3,310 6,620 180

1999 VX25 6/12/2040 3,360 3,870 7,230 150

1997 YM9 12/27/2044 4,060 2,360 6,420 180

2006 UB17 4/22/2045 3,290 3,450 6,740 180

2006 WB 6/1/2050 3,450 3,250 6,700 180

2006 QQ56 3/7/2051 3,450 2,470 5,920 180

2006 HC 4/20/2054 3,950 3,190 7,140 180

1992 JD 11/4/2054 5,320 1,650 6,970 180

DeltaV RequirementiNEO Encountérintroduction
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