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Mankind is embarking on the next step in the journg of human exploration. We are
returning to the moon and eventually moving to Marsand beyond. The current Exploration
architecture seeks a balance between the need forrabust infrastructure on the lunar
surface, and the performance limitations of Ares land V. The ability to refuel or top-off
propellant tanks from orbital propellant depots offers NASA the opportunity to cost
effectively and reliably satisfy these opposing radrements. The ability to cache large
orbital quantities of propellant is also an enabligy capability for missions to Mars and
beyond.

This paper describes an option for a propellant dept that enables orbital refueling
supporting Exploration, national security, scienceand other space endeavors. This proposed
concept is launched using a single EELV medium clagocket and thus does not require any
orbital assembly. The propellant depot provides grogenic propellant storage that utilizes
flight proven technologies augmented with technoldgs currently under development. The
propellant depot system, propellant management, fliht experience, and key technologies are
also discussed. Options for refueling the propeltda depot along with an overview of
Exploration architecture impacts are also presented
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Crew Launch Vehicle

Commercial Orbital Transportation Services
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Earth’s Gravity

Liquid Acquisition Device

Low Earth Orbit

Lunar Orbit Insertion

Lunar Surface Access Module (Altair)
Launch Services Program

Multi Layer Insulation

Metric Tons (tonnes)

Propellant Management Device
Reaction Control System

Service Module

Trans Earth Injection

Technology Readiness Level



. Introduction

N 2003, President George W. Bush started America on

an exciting new era in space exploration where \ile w

return to the moon and eventually extend human
exploration to Mars and the rest of the solar sy&te
This journey begins with launches of the Ares | & V
Figure 1, rendezvous in low earth orbit (LEO), and
acceleration to Earth escape of Altair and Oridgufe 2.
There currently is a problem with the plan; Aresdves
not have enough performance.

Ares V is capable of delivering 69 mT to Earth g&ca
velocity. However, the lunar missions require aimum

of 77 mT. This 77 mT includes the Orion capsule
(20.2 mT), the Altair lunar lander (45 mT), airbern
support equipment (3 mT), and L2/L3 margins (9 mT).

Even the 77 mT requirement is based on optimistic , :
assumptions, including: Figure 1. NASA's current plans for launching the

- Altair's current weight estimate is for a minimunYSE S composed of the Aries | and V launch
functional design. NASA acknowledges thaehicles. Credit: NASA
significant enhancements will be required to
support an actual missidn

- Back to back Ares V & | launches, with a 3 day
orbital loiter for rendezvous and checkout.

History suggests that dual launches in quick
succession are very unlikely. ESAS assumed a
more realistic 90-day maximum interval.
It is therefore very likely that the required lumaission
performance will continue to grow.

NASA is considering several very significant upgrado
Ares V to increase performarice These enhancements

include:
_ Figure 2. The EDS helps loft Altair to LEO and
- Composite SRB cases then accelerates the Orion-Altair combination to
- 5.5 segment SRB’s Earth escape. Credit: NASA

- Asixth RS68 engine on the booster
- Composite tanks for the Earth Departure Stage (EDS)

Combined, these enhancements almost satisfy taT7@arth escape performance. Unfortunately, thpggades
will minimize commonality with the currently plandiéAres | launch vehicle, will result in increaseelvdlopment
costs and will not provide margins to deal with @uditional performance issues that are typicalpfmgrams of
this maturity.

We propose an alternative for satisfying missiorfqrenance needs through the use of on-orbit fuetihthe EDS
LO2°. The use of orbital fueling will allow NASA to rimain the Ares I/Ares V commonality, reduce the
architectural cost and speed America’s return ® mfoon while simultaneously stimulating the broadnch
industry, benefiting space science, national sgcapiace and other space enterpfises

Orbital fueling of the EDS provides the opporturtityincrease the lunar delivered payload by ovema®, Figure
3. Other independent studies have found similsult&'®. Such a large performance enhancement not oosesl!

*k

“The LDAC-1 minimum functional design provides tfmundation vehicle for safety and reliability teadtudies
and analysis, that are being performed in LDAC-2.”



the current performance gap, but provides a sirppth to
support future performance issues or enhance missio25

requirements. <
20 e

Despite positive comments by Griffin regarding tlse ¢ /

of propellant depots to support space exploratidheir @15

use for near term lunar missions has been assumbd t g /

too technically challenging. This is due in parthe fact <.,

that cryogenic propellant transfer has historicaigen 2 /

synonymous with zero-g propellant depot spaceostati © 5

Figure 4. These typical cryogenic depot concefds a

assumed zero-g mass transfer, zero boil-off and zent

fill. Although admirable goals, these depot conisegrect

technological barriers that have successfully hbbock 0 20 40 60 80

propellant depot development for 40 years, premgnti Propellant Transfer Mass(mT)

realization of the enormous benefits that orbitatlihg Figure 3. Orbital refueling of the EDS results in a
offers to space transportation in general. tremendous increase in lunar delivered payload.

Payl

This paper describes a concept for economical, tezar
propellant depots using methods with high Technplog
Readiness Levels (TRLs). These smaller depots are
designed to be launched empty on a single EELV umadi
class launch vehicle.

NASA'’s current Exploration transportation architget is

ideally suited to take advantage of propellant depd4%

of the entire LEO mass is contained in the ED$nform

of LO2. At lift-off, the EDS holds 224 mT of proitent

(192 mT of LO2 and 32 mT of LH® 60% of this

propellant is consumed just getting to LEO, leavthg

propellant tanks with 92 mT of propellant (79 mTL&d2

and 13 mT of LH2) for the Earth departure burn. alf

depot were to provide the required EDS LO2 on-orhifigyre 4. Permanent Space Based Propellant Depot.
NASA could remove as much as 79 mT of the liftlo@2 credit: NASA
from the EDS. This would decrease the Ares V

performance requirement while increasing Altair'a.ss Dok Hot Equip
allocation to meet actual needs. The loaded LHZdco Port

also be increased to support boil-off over the réelsR0
day LEO stays and providing more LH2 to support
increased Earth departure performance. Combiresd, t
will reduce Ares V development time and cost, inwero SUN
mission reliability and improve lunar delivered
performance.

W=5666 ft3
Mlo2=140 mT

II.  Depot concept overview

The proposed depot is composed of a 180" diameter
cryogenic tank that can be launched inside of gsbm
diameter payload fairings. This light weight, tmedly
efficient depot is designed to contain a singlédfleither
140 mT of LO2 or 15 mT of LH2, Figure 5. At theptof Figyre 5. An affordable, near term propellant depot
the depot is the hot equipment deck which contéiies it ytilizes existing and in development technoldgs
docking collar, avionics, control valves and statig, provide passive low to zero-boil-off cryogenic
propellant storage.




keeping propulsion. Sandwiched between the crypé ta
and the equipment deck is the vapor-cooled, low
conductivity support truss and a thermal isolatiges
reservoir providing a torturous thermal path redgdioil-

off. To minimize structural mass and maximize degpot
propellant capacity within the payload fairing elopes,
this reservoir and the cryo tank share a commaulated
bulkhead. Once on-orbit, a deployable sun shield
cocoons the cold structure and cryo tank to mingmiz
heating from solar and Earth sources, while allgwin
residual heat to radiate to deep space, FigureT8is
system level design utilizes existing, flight prave
elements that enable passive, very low boil-off L2
LH2 storage in an affordable, reliable package.

The entire depot slowly spins about its longitutlina
axis to provide centrifugal acceleration. Thisedetation Figure 6. Once on-orbit a pneumatically deployed
provides positive gas/liquid separation by forcitige sun shield protects the cryogenic propellant from
liquid outward toward the tank sidewall, produciag solar and Earth radiation.
gaseous annular ullage in the center. This passive
gas/liquid separation greatly eases the depot enjog

fluid management. Pressure control is throughvérging Yy,
of this gaseous core, and is similar to the settiéage [
venting of existing cryogenic upper stages. The-, Lot

centrifugal settling also simplifies propellant agsgtion, "‘//2 L
avoiding the need for liquid acquisition devices.
Propellant transfer into and out of the depot is
accomplished via differential pressure, similathe way
engines are fed on existing cryogenic stages. Wéié
insulated depot can accommodate periods of zerb-v

grif]ure 7. A north ecliptic pointing LEO depot
and no rotation to support operational needs, sagh al

ows the conic sun shield to shield the cryo tank
from both the Sun’s and Earth’s radiation.

docking.

The vented gas is stored in a large, cold gasveset the front of the sump. During quiescenéigtions, the
reservoir is maintained at just below tank pressQneis reservoir serves as the last heat sink datvthe equipment
deck and the cryogenic propellant tank. The reseriso supplies gas for the Reaction Control &ys{RCS) as
well as positive pressure expulsion of liquids dgrpropellant transfer.

For launch, the sun shield is stored on the equiprdeck. Following separation from the launch ekhihe
multiple layers of the sun shield are deployedr &&EO depot, the deployed sun shields form comimeaones
surrounding the depot. The depot maintains a eantbrientation, Figure 7, which enables the sueldto shadow
the tank from both solar and terrestrial heatingulghout the LEO orbit. The multiple, concentranical shield
layers are maintained at different angles and pe@n open path to direct thermal energy out te dpace, and
away from the cryogenic propellant tank. Depotsated at LaGrangian points do not encounter siganfi Earth
heating and can use a sun shield similar to thegaktebb Space Telescdpe

lll.  Depot Mass

The proposed depot builds on existing flight prowwements to minimize risk and uncertainty whildl st
resulting in a light weight system, Table 1. Thght weight tank builds on Centaur’s 50 years ofnmcoque tank
construction, updated with modern material advarncelsided in the Delta upper stage. The tank doaresspun
aluminum alloy, machined to provide final contoarsd thin skin gauge. The domes are friction sélded to the
thin monocoque walls constructed of aluminum aléheet material. To minimize weight and enhancatairb
thermal performance, the depot will be launched tgmpNith the tank launched empty, foam insulatismot



required reducing mass by ~200 Kg. Foam is onle/ )

required for existing cryo upper stages during apheric 1able 1. The proposed simple propellant depot
operations, and is nearly useless as an insulatariit. Weight is derived from Centaur and Delta US actual
Launching the depot empty will allow thinner (and'€ights with allowances for the new hardware.
lighter) tanks that are designed for the orbitaéssure 1his light weight depot enables launch on an Atlas
loads, rather than the higher loads associated avifil
tank as it launches and traverses the atmosphEnese
thinner walls also minimize heat transfer along thek
walls.

ank
Dry Structure 0.2mT

. . - vionics & Power 0.4 mT
The fluid control system is very su‘_nllar to tha[@d_y IPeplayable Siin shisld 05 mT
used on current ULA stages, allowing use of exiptilpronision and Pneumatics 0.2mT

flight qualified hardware for pressure control afheid
transfer. Redundant, low power draw avionics, ksinto
those used on- Orbital Express, are assumed footdqlotal Mass 2.9 mT
command and control, communication, and guidance.

The low power not only minimizes the scale of tbéas

arrays, but also is key to reducing the heat teanfsbm

the warm avionics deck to the cryogenic tank.

eight Growth Allowance (10%) 0.3 mT

IV. Thermal Modeling

As alluded to in previous sections, the thermaltmin

scheme for the propellant depot utilizes passivecepts

to minimize complexity. Thermal modeling has been

developed using analytical tools widely used in the

aerospace industry: Thermal Desktop(c) with its

components of RadCad and SINDA/Fluint. Figure 8. The thermal analysis accounts for the
major heat sources, Solar, Earth and avionics and

The modeling simulates the depot in LEO with a fo#ld the radiative and conductive flow paths through the

of LO2 and the sun shield deployed, to quantify th@epot. Credit NASA

absorbed Sun and Earth heat loads and the abflitheoconceptual passive thermal control systermitoimize

parasitic heating to the LO2 tank. The modelingudes reasonable fidelity in the tank structureapture axial

variations in the radiation environment, mainly ttaying radiative interaction with the sun shialid deep space,

Figure 8. Similarly, the sun shield is nodalizedat reasonable fidelity to capture both circumféeérand axial

temperature gradients. This fidelity is warranggden that the shield is the primary method foerngpting the

significant Sun and Earth heat loads, as well agiging the primary radiative influence to the L@k heat loads.

The structure associated with the docking assenaignics support, and solar arrays are includedirulate

environmental heat absorption and effectivenesth®fGO2 intermediate volume in intercepting thesat Hoads

prior to reaching the LO2 storage tank. The awsrupport structure and docking assembly is stedlavith a

white paint coating for favorable ratio of solarsalptance to infrared emittance. It is assumed ploaver

dissipating avionics will not utilize the suppottusture as a heat sink, but will locally rejectsteaheat. For this
reason, the sun shield support structure is praptsée mounted aft of as much of the avionics@ssiple, such
that after its deployment a view to space is pregkfor avionics units. Avionics units are notliuded in this

thermal simulation, and given their thermal is@atfrom the structure, this does not significanthpact parasitic
heating to the LO2 volume.

Additional insulation from the warm avionics strui is accomplished via a vacuum space betweeh@2etank
dome and the GO2 volume. This vacuum barrier ntethaised on existing LO2/liquid hydrogen tankg thee a
common bulkhead to separate the fluid tanks.

The modeling of the sun shield captures three agématerial in concentric cones differing by fi°cone angle,
and an overall shield half-angle of 34° (this anigleptimized to the planned orbit altitude). Teeld layers are



closest at the “top” (deployment origin) and widastthe

aft end of the LO2 tank. The use of specular dhit 1 # - —
materials for the tank-facing surface as well ag t :33 ## #% & —
intervening surfaces allows increased views to deep ',f’+g #0/(%%#30 @ .
space sink via non-diffuse reflection of infraretergy. A = o == = o
Kapton material with vapor deposited aluminum (VD/ 3 - e
surface on one side is proposed. The VDA sidenishe —

inner side of the shield layer (tank side) to takwantage P-4

of the low emissivity and minimize transmissionhefat to | -

the tank. The Kapton side of the material is cibexsd on L ( (-&& .-%% YO |

the outer side of the shield layer (space sidajtitze the
favorable ratio of solar absorptance to infraredttamce
facing the incoming solar radiation, minimizing th
outermost layer’s temperature. t

igure 9. Preliminary thermal results show that
is simple depot is capable of supporting passive
long duration cryo storage with less than 0.1%/day

The tank was simulated with and without surfacet'Fnulbo'Im_Ef with opportunity for further improvement.
layer insulation (MLI). The goal would be to n&quire Credit NASA

tank surface MLI to utilize a view to space for ting. To achieve this goal, further detailed desif the
deployable sun shield would be necessary, coupitdspecific orbital information, in order to miniee Earth heat
loads into the open end of the conical shield.

The results provided here are from an orbital satioih that uses parameters for a circular orblt3®0 km altitude
and a solar beta angle of 0°. This altitude isselmoto minimize material degradation due to atoaxggen,
potential for impacts to the sun shield, and heafrom charged particles. A near zero beta angdelts in a
maximum Sun eclipse time which is beneficial foepimg the entire system cold.

Several shield configurations were analyzed torog# the shield length and shield half angle, Fégr In LEO,
the open end of the sun shield cone tends to ¢dHath energy, so making the shield as long astiped helps to
minimize these loads. For practical purposes,léhgth was limited to 80 feet, a length at whichEadrth loads
received by the LO2 tank are indirect, via reflect off of the inside of the sun shield. Analysi®ws that LO2
equivalent side-wall absorbed heat fluxes of apipnately 0.5 BTU/hr/ft2 can be obtained for a tankiwno surface
MLI. Note that this is calculated by taking a#ldt loads, inclusive of conducted heat, into tid &nd dividing by
the total surface area of the tank. This is rougdguivalent to a boil-off rate of less than 0.1¢6ul tank volume
per day.

Further design and analysis optimization to minamiparasitic heat loads can provide significant hierrt
improvement in the cryogenic fluid storage. Themprovements include improved thermal isolationttod tank
from the warm avionics structure, refined deplogaslin shield geometry, and use of LO2 boil-off fpsscooling
the sun shield.

V. Technology for depot

Settled operations significantly simplify all asgeof cryogenic fluid management enabling the maxmuse of
existing, mature upper stage cryogenic fluid mansge (CFM) techniqué§ Table 2. With settling, large-scale
passive propellant storage and transfer becomesgineering effort, not a technology developmenteawor. The
key elements enabling efficient, long duration ggmic storage were refined in concert with NASA R3Eigure
10. Table 3 provides a partial list of relevantMCEapabilities that have been demonstrated on #wtatir and
Delta upper stages.

A. Low Acceleration Settling

Over the past 15 years, Centaur has spearheaddévbmpment of ultra-low settling for CFM. Lowsegttling
provides a reliable method to separate liquid aad. g This settling can be continuous for short tilbma, or
intermittent, separated by periods of zero-G (pidéip weeks with adequate tank insulation) forden missions.



Through improved understanding of low-g fluidTable 2. Settled cyogenic propellant transfer
behavior Centaur has reduced the standard parkiiyy ocan benefit from the vast CFM experience used ¢
settling from 10° g to 10* g realizing a significant Centaur and other cryogenic upper stages.
performance enhancement while maintaining adequUie e RIENS SR EA el
propellant control. In the quest for even mo
performance and longer mission duration, Centaiwg [Pressure Control
demonstrated effective propellant control at agediiens Vllage & Liquid Stratification
down to 1C° g, Figure 11. Similarly, in the 1960’s Saturf’ropellant acquisition
also demonstrated effective settling at 2Xf. Mass Gauging

Rotational settling promises similar fluid contras rOpe”am Expulsion Efficiency

. . . ; . ystem Chilldown
with axial settling, figure 12, at potentially Iow&kCS |s\rep
propellant consumption. Building on the low accat®m [rransfer System Operation
fluid control mentioned above, ULA has developed [Fluid Coupling
promising sequence enabling transition to centafudPassive Long Duration Storage
acceleration. Thanks to support from our DoD cur&to
community, this centrifugal propellant control witie
demonstrated on the DMSP-18 mission (AV-017) flying o &%t ) &
September 2008. This flight will demonstrate the 18 £& % %
effectiveness of liquid spin up, transition fromiadx ) 7 %% 4 () &(-)%%
settling to radial and back to axial settling wilbw  WH)%% & &
acceleration and while venting. (&

%lv2  #&  — T o
B. Pressure Control #8& )% #%

Pressure control of the depots is accomplished by — YH)%% % &
thermal management of the cryogenic fluid. Heating  %1&#) #  —
even if localized, results in propellant boilingthmust be
controlled to prevent detrimental pressure rises. % % (3 —(+0# & %
Numerous methods of pressure control are available, ™~ C
including: ullage venting; thermodynamic ventingyda $# \
active cooling. # %& — T A% AN %

Settled venting results in extremely robust tankthe ( @ — o
rejection. This robustness is due to the fact tuay
localized propellant warm spots, due to penetration
other high heating sources, causes the propeltaboil Figure 10. Effective systemdesign combined with
regardless of the location in a tank. This liggay key thermal mitigation elements enablespassive
separation enables heat rejection via venting torgl long duration cryogenic propellant storage.
coasts and has been demonstrated on 185 Centghusfli
11 Delta lll and IV flights, and 8 Saturn S4B fligh

Alternative zero-g vent systems would rely odable3. Centaur and Delta’s upper stage have
mechanical mixers to distribute the point coolingidg conducted numerous CFM flight demonstrations
venting. The mixer must ensure complete tank rgixinrelevant to cryogenic propellant transfer.
otherwise localized hot spots will develop resugjtim
potentially uncontrollable tank pressure. Liquid Control (10° to 6 G's) ong Coast (to 17 hours)

Similarly, settling allows venting during propelta ystemWarmin.g.&i( Chilldown ressurization Squencing
transfer to maintain pressure in the receiver tatk [roPellantacquisition Lol itz lion
desired levels. With extremely low acceleratiofStem rhermal interaction ent Sequencing

I . h - K llage & Liquid Stratification ressure Collapse
propellant entering the receiver tank may geyses. Propellant Utilization ubbler vs. Ullage Pressn.

prevent liquid venting, the propellant transferq@ss may fviass Gauging nbalanced Venting
need to be accomplished in pulse mode, where dampel

transfer and venting are conducted sequentially.

o
®

Settled

©
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D. Propellant Acquisition

Propellant acquisition through settling has besedureliably for all large scale cryogenic uppeagss.
Expulsion efficiencies well in excess of 99.5% imfulds are achieved on Centaur, even at the relgtilow
accelerations encountered during pre-start anddsewm. Expulsion efficiency at 10g is yet to be demonstrated.



With settled operations, expulsion efficiency istlier
increased by the ability to maintain a warm ullage
Settling effectively separates the liquid and gas itank
enabling the ullage to remain warm during the esipul
process. By allowing the ullage to remain warngr¢his oy
the potential to increase total expulsion efficienay o ' Time
~0.9%, Figure 13
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Figure 11. Centaur has demonstrated effective
propellant control at 10° g's, well below the

F. M?SS Gau_gmg L . .acceleration required to make settled propellant
With settling, mass gauging is accomplished USIRG - fer attractive

numerous accurate and reliable techniques. Mewgsthie
acceleration achieved with a known settling thrust

provides a simple method that accurately gaugeal to Liguid
system mass. Thermal couples and liquid senstemal

to the tank, or mounted to the outside of a thifledatank, Ullage
have proven very effective in defining the statiewel of

the liquid/gas interface, Figure 14. The cryo keat/
concept promises a simple robust system for aceumgigure 12. Centrifugal acceleration can separate
liguid surface gauging at low acceleration. AtHeg the liquid and gas allowing use of existing, flight
accelerations resulting from a burn, tank headsureshas proven settled cryo-fluid management techniques.

proven to be very effective at measuring liquid spas
ensuring >99.9% relative LO2/LH2 propellant expoisi

efficiency for Centadf. All the above methods (othe

&
S

100 \ Gas
than the cryo tracker) have been successfully osethe . 0G Transfer -
Centaur. \ Liquid

o GOZM T
E. System Chilldown o\ T —

The Centaur upper stage has demonstrated hic
efficient hardware chilldown procedures that areedty
applicable to cryogenic transfer. Chilldown of ting,
tank walls and the engine have been demonstratédd \
multiple alternate chilldown procedures.  Chilldow Average Ullage Temperature (R)
effectiveness using full, trickle, and pulse LH2 182
flow has been demonstrated in the low g sp
environment. The pulse chilldown methodology h
proven especially effective at chilling down thedeines
and the engine.
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\
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Figure 13. Low acceleration effectively separate$ié
age and liquid enabling pure gas venting while
ducing the gaseous residuals.

K. Autonomous Rendezvous and Docking e
Russia has been performing autonomous rendezvalis|
docking (AR&D) for years in support of Salyut, Mighd |
ISS. Most recently, with the 2.5 year shuttle imat .|l
resulting from the destruction of Columbia, NASAied | |
on the Russian Progress vehicle and its AR&D cdipabi
for all of the ISS supplies. While developmentAd&D
has languished in the US, several recent effortge h
demonstrated the viability of US-designed AR&I
systems. The Dart, XSS-11, and Orbital Exp1|9ess_

missions were all designed to further this capgpiliDart Figure 14.  Centaur externally mounted thermal
was the first attempt to demonstrate American artwus couples effectively measure liquid level.
rendezvous technologies. Unfortunately errorhenGPS

supported guidance algorithms led to excessivegiiant consumption and an unplanned “bumping” &f térget
spacecraft. Incidents such as this provide impoiessons and lead to improved capabilities. X$Staunched in
early 2005, has successfully demonstrated numeaatenomous rendezvous and proximity operationsnduits
year long mission. Orbital Express, launched inrdiaof 2007, demonstrated AR&D as well as orbialiing,

[
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including the transfer of N2H4 and He. It is Jyal
important that America continue on this path of AR&
development. The Orion vehicle, along with the two
commercial orbital transportation services (COTS)
program winners (SpaceX and Orbital Sciences
Corporation) are also planning to use AR&D for ISS
operations.

J. Passive Long Duration Cryogenic Storage

A recent stud§’?! on the Centaur indicates how robust

passive long term LO2/LH2 storage can be accomguish

figure 10. The study shows that efficient passive

cryogenic storage for periods up to a year is Basivith Figure 15. ULA is developing a pneumatically
proper system design coupled with key thermal tama deployed sun shield to support long duration cryo
technologies. One of these key thermal isolati§iPrage.

technologies is a sun shield that reflects the ntgjof the

external radiation environment away from the calgbgenic system. An open cavity sun shield furtimémimizes
tank heating by allowing some of the transmittedrgy to radiate to the cold of deep space. ULASKSC and
ILC-Dover are currently developing a pneumaticalgployed conic sun shield that is extremely ligbight, can be
packaged in minimal space while being scaleabratect all sizes of cryogenic systems, Figur&.1% cryogenic
system is ideally coupled with a pneumatically dgpt sun shield where the low boil-off provides fressurant
gas.

K. System Demonstration

Key to enabling programs such as Exploration ttuihe propellant depots and cryo transfer as pateif baseline
is end to end cryogenic storage and transfer detmadias in the actual, micro acceleration environinef space.
In support of NASA GRC the Atlas program developeldw cost, ride share flight demonstration condbat can
demonstrate all aspects of cryo-transfer and CRMrtelogies at a relevant sc&le This Centaur Test Bed concept
would modify Centaur to allow transfer of residymbpellant into a multi-cubic foot receiver vessallowing
deployment of the primary satellite. The CentaestiBed would enable demonstration of actual ptapetransfer,
low acceleration fluid acquisition and control, ggare control, thermal containment, mass gaugird) fand
mixing.

VI.  Open Architecture

A robust propellant depot infrastructure will beihefl aspects of space utilization. Interplangtstzience missions
will no longer be limited by the launch vehicle feemance. National security missions will realinere flexibility
in attaining their final orbit and on-orbit maneuwng. Commercial missions will be able to utilizenaler, less
costly launch vehicles. Lunar crewed exploratialh benefit from robust performance margins whitstalling the
infrastructure to venture to Mars and beyond. Riiag propellant to the depots will support a rabeempetitive
launch market, reducing costs for all aspects a€sputilization.

The recent two rounds of COTS competitions dematestrthe huge pent up desire by numerous comptmies
provide commercial full service space acé&s8 % Although COTS consists of only a capability destoation,
the promise of a ~15 mT/year ISS servicing markas wufficient to encourage numerous companies Horgbto
investing hundreds of millions of dollars of prigatector money:

- SpaceX - Rocketplane Kistler - Orbital Sciences

- Boeing - Planet Space - Spacehab

- SpaceDev - t/Space - Constellation Services
- Loral

Even the use of propellant depots to only suppl @ the lunar missions will result in an annuarket requiring
100 to 200 mT, dwarfing the ISS requirements. Sait¢arge market is expected to stimulate much diefgunch
competition, resulting in significant advances irthods of space access, resulting in improved hiétia and

10



reduced costé Some companies are likely to propose *°

: 2 =
very frequent launches of small, potentially redsabg «:{ £ belea HILY ®
launch vehicles, while others may view fewer, mlasiyer E w0l g
launchers as the most cost effective solution. yQ@inte, § 0, 2 Q)
trial, and competition will decide the success ailufe of €0l & i ——
individual concepts, but NASA, Exploration, and 8pace P @
utilization market will be assured of continuousstained g | # R0
improvement in space access. =)

£ 100
ULA is considering multiple options to supply prdpat ;.E: 50
depots, InCIUdlng: 0020 4‘0 éo 80 1(30 120
Upper Stage Propellant Capacity (mT)

1. Delivery of a fueled propellant transfer vehicle Figure 16. Use of an oversized upper stage,
to close proximity of the depot. Both the Atlas potentially derived from the ACES currently in
and Delta vehicles can support delivery to orbit dévelopment, provides significantly enhanced
fueled transfer vehicles. Once on-orbit theggopellant delivery in the existing Atlas and Delta
transfer vehicles would separate from the laungbosters.
vehicles, autonomously rendezvous with the
depot (similar to Progress or ATV), transfer prigets to the depot and then safely deorbit.

2. Upgrading our upper stages to enable rendezvous andelivery of a fueled propellant tank. Past
studies have shown that with reasonable enhancerteiie avionics and RCS systems both the Centaur
and the Delta IV upper stages can support ortetadezvouS, avoiding the cost of an independent transfer
vehicle.

3. Enlarging ULA'’s upper stage propellant tanks to stoe additional LO2 or LH2 for delivery to the
depot. The most cost and mass efficient manner to stoyegens during launch is in the primary
propellant tanks, avoiding the cost and mass afdicated cryo tank. Lengthening either the LOZ162
tank to support the additional propellant is stnbiftprward and has been done numerous times oeer th
years to support increasing mission requirements

4. Development of an evolved upper stage with increadethrust and oversized propellant tanks to

support _the propellant to be delivered. ULA is currently investigating developing the Advaul
Common Evolved Stage (ACES) driven by ULA’s dedoeealize cost saving while providing enhanced
support to our broad customer community. ACESemd designed to allow increased thrust around a
modular tank volume. A high thrust ACES stage wiaudarly double the delivered propellant capabdity
the existing Atlas and Delta boosters, Figure @ aadditional cost, resulting in a very cost efffee,
robust depot servicing system.
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VII.  Conclusion

The ability to refuel propulsion stages in orbifes$ huge benefits to the entire space user contyuncluding
science, national security and commercial entegprisThe vast orbital propellant needs of Explorafiotentially
allow for the most pronounced benefit from orbitflueling. The concentration of the majority oistExploration
propellant in the form of LO2 in the EDS makesadtatively easy for Exploration to take advantagene$pace
refueling. Indeed, the orbital fueling of the EDS&h 40 mT of LO2 would provide NASA with an atttae
alternative to the substantial Ares V upgrades tHASA is currently considering. The current Expltion
architecture can readily take advantage of an imthdit 40 mT of orbital LO2 transfer, supporting @aaditional 10
mT of lunar delivered payload.

This paper has shown how existing and near terimntdogies can be used to develop light weight, rdtible
propellant depots that can be cost effectively ¢dued on single EELV medium class rockets. The gsed depot
architecture utilizes an efficient design, couplath key thermal management technologies (sun ghsglttled fluid
management and vapor cooling) to enable passitended storage of LO2 or even LH2. A proof of aptadepot
could be flying by 2011, early enough to demonsteaid to end system functionality in support of Regs V and
Altair development decisions.

Propellant delivery to the depot could be by ang ath American launch entrants. Indeed, this dechire offers a
convenient opportunity for international participat potentially allowing for more frequent Expltican missions.
The propellant could be delivered in any conveniedividual quantity; a ton at a time, launchedgirently on

small low cost launchers, or 25 mT’s at a time &L¥ class launchers or even in huge 100 mT chumkdres V

class rockets. Ultimately the realities of theneln business will define the cheapest, most raiaigerational
concepts, overcoming the current paper analysisitdetegarding the best launch vehicle that hasuplhghe

industry for decades.

A significant benefit associated with NASA’'s use obmmercial launch services is NASA’'s potential to
significantly reduce the cost of Exploration. Tha&vings in turn would allow NASA to start the lurexploration
well before the current baseline of 2020. Thidrsgswould also allow NASA to fund other high pitgrelements,
such as science and technology development. Aedaddnefit of commercial launch services is thatS%Avould
not be locked into a single launch solution aséeds and priorities change. For Exploration aombgnefit of
relying on-orbital fuel transfer is the flexibilityo support evolving mission needs such as weighivth or Mars
exploration without wholesale revamping of the Bad orbit launch system.
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