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EXECUTIVESUMMARY

Manned explorationof our nearestneighborsin the solar system is the

primarygoal of the Space ExplorationInitiative(SEI). An integralpart of

any manned lunar or planetaryoutpostwill be a system for manned excursions

. over the surfaceof the planet. This report presentsa preliminarydesign for

a lunar rover capableof supportingfour astronautson long-durationexcur-

. sions across the lunar landscape. The distinguishingfeatureof this rover

design is that power is provided to the rover via a laser beam from an

independentorbiting power satellite. This system design provides very high

power availabilitywith minimal mass on the rover vehicle.

With this abundanceof power, and with a relatively small power-system

mass contained in the rover, the vehiclecan perform an impressivesuite of

mission-relatedactivity. The rover might be used as the first outpost ior

the lunar surface (i.e., a mobile base). A mobile base has the advantageof

providingextensivemission activitieswithoutthe expense of establishinga

fixed base. This concepthas been referredto as "Rover First."

A manned rover, poweredthrough a laser beam, has been designed for

travel on the lunar surfacefor round-tripdistancesin the range of 1000 km,

although the actual distancetraveled is not crucial since the propulsion

system does not rely on energy storage. The life support system can supporta

4-person crew for up to 30 days, and ample power is availablefor mission-

related activities.

The 8000-kgrover has 30 kW of continuouspower availablevia a laser

transmitterlocated at the Earth-moonLI librationpoint, about 50,000 km

above the surfaceof the moon. This rover,wi,ich is designed to operate in

either day or night conditions,has the flexibilityto perform a varietyof

" power-intensivemissions.
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I.0 INTRODUCTION

Providingadequate power and energy to a manned rover vehicle for

explorationon the moon is a challengingendeavor. For maximum usefulness,

the rover should have an extended range capability,which typically implies

• considerableonboard power generationor energy storagecapability. The state

of the art in power generationand/or energy storagedevices is not optimal

,, for an extended lunar mission and enormousmass would be required for any long

mission. This problem is compoundedby the long lunar day and night, which

severelyconstrainoptions such as photovoltaicpower productionand battery

storage. Radioisotopethermoelectricgenerators(RTGs) have been considered

for an unmanned low-power(500 W) rover applicationon Mars (Schocket al.

Ig89a, 1989b). lt is doubtful that the approximately25-kW requirementfor a

manned rover could be met with the low specificpower of RTGs. At current

, specificRTG power productionof about 5 W/kg, an RTG-poweredlunar rover

would have a power systemmass in excess of 5000 kg. The use of methanol to

power a rover has also been proposed recently;a fuel/oxidizerload of 500 kg

was expected to providea 250-km range on Mars and somewhatmore on the moon

(Clarket al. 1991). Vehiclemass was not clearly stated in the methanoluse

study, but an assumptionof I kWh/km travel over Martian terraindetermined

fuel use.

The use of power beamed from lunar satellitesto the rover has clear

advantagesover the conventionalmethodsnoted. There is not only a large

mass saving associatedwith not having to producepower onboard the rover, but

additionalbenefits accrue as weil. Abundant power is availableto perform a

variety of missions,enhancingthe capabilityof the rover beyond that

envisioned for an initiallunar base. With the advantageof a light-weight

laser to electric converter,the rover is highlymaneuverableand can operate

continuouslyin either day or night conditions.

, This paper describesthe design and issues associatedwith a 30-kW

electric laser beam-poweredlunar rover.



2.0 DESIGN ASSUMPTIONSANl)SUMMARY

The design assumptionsthat are the basis for subsequentlunar rover

drive system requirementsand design featuresare provided in Table 2.1.

Although the table refers to a 1000-kmrange, which was an initialdesign

, parameter,the design of the lunar rover does not preclude additionalrange if

desired. The design does not use primaryenergy ;toragefor locomotion;thus

, the rover can operate continuouslyeither moving or stationary. The mission

durationand crew complement,on the other hand, are criticaldesign para-

meters becausethey drive the mass of consumablesupplies and life support

system requirements. The mass summaryof the rover, listed in Table 2.2, is

derived from subsequentsectionsof this report.

T__BLE2.1. Lunar Rover Design Parameters
J

Feature _Amount '

Range 1000 km
Crew Number 4
Mission Duration 30 _ays
Maximum Speed 10 'cm/h
Maximum Slope (firm soil) 30°
Design Life 7 yr

TABLE 2.2. Rover Mass Breakdown

ComponeDt Mass (kq)

Laser Receiver System 900
Energy Storage System 300
Power DistributionEquipment 150
Command, Control,Communications 100
Drive System 368
Cabin ThermalManagement 477
Life Support Equipment 550

• HousekeepingEquipment 50
Consumables 1200
Crew 300

. PersonalGear 50
EVA Suits 200
RadiationShielding 1250
Structure 900
MissionHardware 1205

Total 8000



The roveriSracylinder7.5m longwith an outsidediameterof 3.2 m.

Th, cylinderlengthincludes5 m of laboratoryworkspace,and2.5 m at the aft

of the vehiclefor extra-vehicularaccess(EVA)suitingoperationsand

ipulatorarm control. The drivingcab is an additional2.5m in the front

the rover. A sketchof the roveris shownin Figure2.1.

To utilizeSpaceStationFreedom(SSF)components,the roveruses SSF

i ternationalracksI m wide laidout as shownin Figure2.2. The EVA staging

a has only bottomracks(nosideracks). Thisyieldsa totalof 28 racks,

I: bottomrackswhichare suitablefor storageand 16 siderackswhichare

u ed formountinghardware. The overheadspaceis used for liquidstorage,

ch is alsosuitablefor crewradiationshielding.Rackdimensionsand

olumerequirementsare furtherdescribedin Section5.0 Habitationand Life

SupportSystem.

NASA /

/

FIGURE2.1. LaserBeam-PoweredLunarRover
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3.0 POWER SYSTEM DESIGN

The power for the lunar rover is providedby a photovoltaicreceiver

whichconverts laser light to electricalpower. The vehicle receives contin-

uous laser power while in motion or at rest. This enables the rover to oper-

. ate continuouslyin either mode, thus eliminatinglimitationson travel

distanceor placingconstraintson missionoperation.

Q

3.1 POWER REOUIREMENTS

The systemdesign providesan abundanceof electricalpower. This

enables the rover to performa variety of functionsand missions not possible

with other rover concepts. A summary of the power system requirementsfor the

variousfunctionsof the rover is provided in Table 3,1.

Power for external illuminationis includedin the drive system power

allocation,which would be compensatedfor by reducedaverage speed. Only a

slight reduction in the averagetravelingspeed would provide significant

additionalpower availablefor illuminationduring night operations.

The thermalmanagementpower consumptionis a function of energy dis-

sipatedwithin the pressurizedmodule, lt is assumedthat all mission, con-

trol, lighting,habitation,housekeeping,servicerrecharge,and power system

losseswill ultimatelyresult is waste heat dissipatedinto the module. This

waste heat must be moved from the habitatmodule at 300 K to the radiator

' TABLE }.I. Power AllocationSummary

Average Power (kW)
Component Driving Stopped

Drive System 15.0 0.0
" ThermalManagement 5.0 10.0

Missions 2.0 10.0
Control, InteriorLighting 2.5 2.5

' Habitation,Life Support 2.0 2.0
Housekeeping,Cooking,etc. 0.0 2.0
Battery Charger 2.0 2.0
Power System Loss 1.5 1.5

Total 30.0 30.0



at 400 K. However, power consunledoutside the pressurizedmodule,which

includesthe drive motors and the external lighting,would not have to be

removedusing this system.

Mission-relatedhardware,which includessamplingand analysis equipment,

will be used primarilywhen the rover is stationary. However, some power has

been allocatedfor consumptionduring periodsof rover motion to accountfor

possiblelong-termexperimentsthat cannot be shut down or autonomous

functionswhich may be continuous.

The control functions includecommunicationequipment,_omputer systems

relatedto rover operation,rover instrumentationand diagnostic equipment,

and internalcabin illumination.

Habitation and life support includeall crit,cal functionsfor condition-

ing the air, such as ventilationand CO2 scrubbing. Housekeepingincludesall

noncriticalfunctions for livingon the rover which may be switchedoff during

periodsof mobility. This includesfunctionssuch as water treatment andfood

preparation.

A battery charging system is included for roboticminirovers,as well as

any mission-relatedbattery-operatedequipment. This power is available con-

tinuouslyto eliminateoperationalconstraints.

The power distributionsystem is assumed to be 95% efficient,which is

reasonablegiven the simplicityof the design and the relatively short cable

runs required.

3.2 LASER RECEIVER

The laser energy transmittedto the surface is convertedto electricity

by an AIGaAs photovoltaicconverter,as shown in Figure 3.1 (De Young et al.

1991). Since the converteris tuned to the laser wavelength,very high

conversionefficiencieson the order of 50% are achieved. A heat rejection

system is includedto removewaste heat and to maintain the receiver photovol-

taics at 320 K.



FIGURE 3.1. Laser Receiver SchematicDiagram

The laser receiver mass breakdownis listed in Table 3.2, The laser

receiverwas scaled using De Young's (1991)design, convertingthe net

electricaloutput from 15 kW to 30 kW. Each componentof the convertermass

is doubled,except the tracking device and the coolantpiping. The tracking

TABLE 3.2. Laser Receiver Mass Breakdown

Component Mass (ka)

AIGaAs Cells 1,0
. Active Area Matrix 2.0

Laser Concentrator 54.0
Tracking System 100.0

, ThermalManagement System
Radiator 464;0
Coolant Piping 159.0
Compressors 120.0 743.0

Tota] go0.o



device does not scale with power, since it is primarily structureand control

systems associatedwith receiver orientation. The coolantpiping mass

increasesby a factor of _/_, which representsdoubling the effectivepiping

area. The receiver size is relativelyunaffectedby increasingpower, since

the reflectordish surroundingthe active area is primarilya function of beam

jitter and diffusion,which depends on the separationdistance,wavelength,

and pointing accuracy. The laser receiveris about 2 m in diameter.

3.3 gNERGY STORAGI_

Although the laser system is sized to provideaverage power for both sta-

tionary and mobile modes of operation,brief periodsof either above or below

average power will occur regularlyas equipmentis switched on and off. These

load variationswill be compensatedfor by onboard energy storage. This

energy storagecarlalso be used for emergencyconditionswhen there is an

interruptionin receivinglaser energy or a system failure on the rover that

precludesnormal operatior. This emergencystand-bypower will be adequate to

maintain the rover in a "keep alive" mode until rescue or to provide power to

perform limitedmaneuvering.

Two fuel cells in parallelwill provideenergy storage with an overall

capacity of 30 kW and 50 kWh. Near-termfuel cell technology has specific

power of 7 kW/kg and energy storagedensity of 225 Wh/kg. The onboard fuel
L

cells have a total mass of 300 kg.

If 30 kwh is dedicatedas emergencystand-byenergy,with the remaining

stored energy availablefor routineload variations,the life support system

could operate at full capacity for a minimumof 15 hours.

3.4 Q_STRIBUTIONSYSTEMDESIGN

Figure 3.2 is a one-line diagram of the rover power system. The system

incorporatesthe conceptof a dual bus, which minimizes the effect of a

single-pointpower system failure. Each bus occupies one rack on each side of

the vehicle and providespower to racks on the same side of the vehicle.

Thus, any redundantcritical hardware,such as life support equipment,are

10
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FIGURE 3.2. PowerSystem One-Line Diagram

installedin racks on differentsides of the vehicle. The fuel cells are

locatedin racks adjacentto each bus.

A mass breakdownof the power system componentsis provided in Table 3.3.

Somewhatcontrary to traditionalaerospacedesign,which must sometimestrade

betweenmass savingsand efficiencyimprovement,reductionin mass can be made

at the expenseof efficiencydue to the power-richenvironment. Smaller

lightweightcables can be used, which result in higher power system losses.

This power system hasa design efficiencyof 95%.

11



TABLE 3.3. Mass Breakdownof Power DistributionSystem

Component Mass (kq) L

Main Bus (2) 23
Cable (AluminumTHW) 24

500 MCM 15.8 m
#4/0 1.2
#2 36.6
#4 2.4
#10 131.7

Conduit (PolyvinylChloride,Schedule 40) 30 .
2-I/2 in. 7.9 m
1-I/2 in. 0.6
I in. 36.0

CircuitProtection,Switches,Misc. 73

Total 150
i

Source: Means 1990

12



4.0 MECHANICALDRIVE SYSTEM DESIG_

The lunar rover drive-traindesign is lightweightand uses currenttech-

nology for electricmotors and heat rejection. This drive system is well-

matched to the continuous,relativelylarge amount of power availablefrom

• power beaming. As a result, the rover has extended range, increasedspeed,

and enhanced maneuverability.

|

4.1 LUNAR SOIL AND TERRAIN FEATURES

The lunar regolith (surfacedebris layer correspondingto terrestrial

soil) consists of particlesranging from fine dust to rocks (Levinsonand

Taylor 1971; Mason and Melson 1970). This regolithwas formed by meteorite

impacts that resulted in shockedfragmentsof rocks,minerals, and glass spher-

ules (Smith and West 1982, p. 3-13). The bulk of the regolith is made up of

fine particlesthat are porous and weakly coherent at the surfacebut become

more compactedwith depth. Typically,a thin dusty surface layer about I/4-cm

thick covers a dark gray caked zone, below which there is a 5- to 15-cm thick

slightlycohesive sandy to silty material (Levinsonand Taylor 1971, p. 82).

Underlyingthese zones is a layer that exhibitsan increase in firmnessand

resistanceto penetration. The thicknessof the regolith is quitevariable

with location,but is estimatedto be between3 and 20+ m (Smith and West

1982, p. 3-13; Williamsand Jadwick 1980, p. 60). The depth of the material

appears to be enough to preclude penetrationof any conceivablerover wheel

through the regolith. Note, however,that the data base for the above values

is rather limited (horizontallyand vertically)in terms of actual explora-

tion. For example, astronautswere able to obtain core samplesonly about

60 cm deep (Williamsand Jadwick 1980, p. 61).

Of main interesthere is that mechanicallylunar soils behave similarly

to terrestrialsoils of comparableparticle size, even though compositionmay

be different (Smithand West 1982, p. 3-24). In particular,both astronaut
n

footprintsand lunar rover tracks penetratedthe regolithto depths ranging

between0 and 15 cm (Williamsand Jadwick 1980, pp. 61 and 62). The majority

of lunar slopes have angles <20 degrees (Smith and West 1982, pp. 3-18 and

3-19), so the 30-degreerover climbing limit will restrict travel very little.

i3



4.2 ROVER PROPULSIONREOUIREMENTS

The rover propulsionpower requirementsincludea combinationof accel-

eration, climbing,and horizontalmotion in soft soil. Each of these are

describedseparately below,then integratedinto the overall requirements.

4.2.1 Acceleration

Since accelerationis defined by Newton's first law (F = m a), in order

for the 8000-kg rover to reach its top speed of 10 km/hr in 5 s, 12.3 kW of

power is required,at near-maximumvelocity.

4.2.2 Climbinq

For the lunar gravity,which is one-sixththat on Earth, 18.2 kW is

required to maintain the 10-km/hrtop speed while climbing a 30-degree slope

with firm soil. At lower speed on the same slope,power would drop

proportionately.

4.2.3 HorizontalMotion on Reqolith

The rolling resistanceof a wheel is a functionof wheel and ground

deformation. Given the soft lunar regolith,it appearsreasonableto ignore

wheel deformatinnand use the standardequation to calculate power require-

ments. In the equation P = W b/r (Englishunits), P = force, W = vehicle

weight, b = coefficientof rolling resistance,which is a dimension somewhat

less than one-half the maximumdistance of the wheel segment penetratinginto

the soil, and r = wheel radius (Beer and Johnston 1962, p. 300). Given a

1.2-m diameterwheel that experiencesa b of 12.5 cm (typicalof soft soil),

the power required to maintain forwardmotion is 7.54 kW, which is the force

multiplied by the vehicle speed. This impliesthat the wheel penetrates into

the regolith to a depth 21.7 cm.

Assuming that the wheel will penetratethe full 15 cm experiencedduring

the Apollo 16 rover missions,then b is approximatelytripled and the power

requirementrises accordingly. Alternately,given constant power, one could
m

elect to reduce speed from 10 to 3.3 km/hr over the softer regolithu

14



4.2.4 PropulsionPower RequirementsSummary

The previouslycalculatedpower requirementsare summarizedin Table 4.1.

The third column shows an increasedrequirementafter incorporatingan

assumed75% overalldrive-trainefficiency,which is a conservative

assumption.

Thus it appears that if an averagepower of 15 kW were made availabieto

the rover drive via power beaming,the assumed accelerationand steady hori-

' zontal speed criteria could be readilymet, or nearlymet. Climbing would

have to be done at <10 km/hr, and horizontaltravel in soft regolithwould

also be at slower speeds. Alternately,additionalpower could be produced

from an onboard energy storagesystem. A specificmission profilewould be

requiredto ca'Iculatethe tradeoffsnecessaryfor m_ssion optimization.

4.3 DRIVE.-TRAINDESIGN

The followingsectionsdescribe the componentsof the drive train.

4.3.1 ElectricMotors

Recent developmentsin high-efficiency,low-masselectricmotors can be

used to advantage in a rover vehicle. For example, a journal article

(AerospaceAmerica 1988) describesa researchmotor that produces 10.5 k__ at

20,000 rpm and weighs 14 kg. Similar, somewhat smallermotors are currently

availablefrom Unique Mobility (1991). The DRO86x motor produces 7.5 kW at

10,000 rpm, and weighs 4.3 kg; a somewhatmore powerful and heaviermotor,

_ABLE 4.1. PropulsionPower Requirements

Power Requirements(kW)
100% 75%

Mode Efficiency Efficiency

Acceleration 12.3 16.4
Climbing 18.2 24°3
Steady speed/horizontal 7.5 10.1

i

Maximum(a) 38.0 50.8

(a) Impliesaccelerationon a 30'degreeslope covered
with soft soil, and speed near maximum.

15



the DRI27x, produces 15 kW at 8,000 rpm, and weighs 6.7 kg. lt will be

assumedhere that four of the smallermotors will be adequatefor rover

propulsion. These motors, plus associatedgear reduction,braking, and heat

rejectionsystems,are mounted in complete units, with one assembly per wheel.

Motor controllersare also one per wheel, but will reside within the cabin and

reject heat into it. Other relevantmotor characteristicsare summarizedin

Table 4.2.

4.3.2 Gear Reduction

The 1.22-mdiameter wheels turn at about 43 rpm at a maximum speed of

10 km/hr. A double-reductionfixed gear of about 250:1 should be readily

achievableto match the motor to the desired speed range.

4.3.3 Brakinq

The Unique Mobility motors can be operatedas generators (personalcom-

municationwith S. Meyer 1991). Typically,this provides30% energy recovery

over a completeduty cycle on Earth. A disc brake system similarto one that

was proposed for a rover vehicle (Priceet al. 1990) will be employed here

also.

4.3.4 Heat Rejectio_

Surfacetemperatureson the moon presentextremes. For example, at 'the

Apollo 17 site, temperaturesranged from 384 K during the day to 102 K just

before sunrise (Smith and West 1982, p. 3-26). The moon reflects about 7% of

TABLE 4.2. ElectricMotor Specifications

Characteristic Amount

Voltage 50 to 100 DC
(with higher

voltagepreferred)
Dimensions 122 mm diameter

x 133 mm long
Efficiency(over 70% of speed range) 90 %
OperatingTemperature(continuous) 422 K '
Vacuum Operation Not a problem
Over-TorqueRating (shortterm) Up to 300 %

Source: Clark et al. 1991
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incident light, with the brightestareas exceedingthe darkest by 3.5:1 (Smith

and West 1982, p. 3-26). These conditionscreate a challengingtemperature-

controlprobleta.

At full power and with an efficiencyof 90%, 3.33 kW of heat needs to be

rejected from the electric drive motors (transmissionefficiency should be

' high enough that little heat will be generatedthere). At 422 K motor-

operatingtemperature,1.83 m2 of radiator surfacewould be requiredto reject

, this amount of heat to space. Rejectionof heat to the lunar surfaceat 384 K

would require 5.84 m2, so this is also a feasibleoption although a difficult

one to implementgiven the soil's albedo and temperaturevariabilities, lt

will be assumedhere that a shrouded heat pipe panel radiator that views space

only, with a view factorof about 0.2, will be mounted on the rover body.

Thus about 10 m2 of (projectedor actual)radi.atorarea will be required in

this design.

The radiatorwill consistof metal/ceramicfabric heat pipes using water

as the working fluid and having a specificmass of 3 kg/m2 (Antoniak et al.

1991). The flexibleheat pipes would expand and contract in length ("party

favor")with the heat load to match motor needs. Coolant loops at the motors

and heat exchangersat the radiatorpanels will serve to transfer the heat

from the motors to the radiators. The heat-transfermedium in the loops could

be pressurizedwater, or an oil-type organicfluid at lower pressure than the

water would require. Test resultshave shown that metal/ceramicfabric heat

pipes can be effectivelystartedwhile frozen (Antoniaket al. 1991).

4.3.5 Control

A full range of variable speed control is available via the CRIO-IO0

Unique Mobility controller (Unique Mobility 1991). This controller weighs

about 2.7 kg (personal communication with S. Meyer) and attains efficiency up

to 97%. lt also provides energy recovery by means of regenerative braking.

4.4 DRIVE-TRAIN MASSSUMMARY

The masses of the drive-train components, as well as total mass, are

given in Table 4.3.
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TABLE 4,3. Drive-TrainMass Summary

Mass (kq)
Component .... Number Unit Total

DRO86x Motors 4 4.3 17.2
Gear Reduction 4 5.0 20.0
ControI 4 2.7 I0.8 ,
Brakes 4 5.0 20.0
Radiator I (3 kg/m2) 30.0
Heat Exchangers 4 5.0 20.0 ,
MiscelIaneous 50.0
Wheels and Suspension 4 50.0 200.0

Complete Drive System 368.0
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5.0 HABITATAND LIFE SUPPORT SYSTEM

The vehiclewill provide shirt-sleeveaccommodationsfor as many as

4 crew memberson 30-day lunar explorationmissions. In each of the following

sectionsthe requirementsfor the designatedLife SupportSubsystem (LSS) are

. first established,then followedby a discussionof the required subsystems.

5.I GENERALI

The vehicle LSS design is open, using regenerablesubsystemsbased on

state-of-the-artphysicochemicaltechnologies. This means there will be fewer

expendablesand the capabilityto rechargethe vehicle'ssubsystemsfor

repeated explorationtrips. The level of operationof the various subsystems

has been set to meet the technologyroad map and milestonesof the Exploration

TechnologyProgram in NASA_s Office of Aeronautics,Explorationand

Technology. The LSS technologieswere also chosen to be as compatible as

possiblewith those foreseen for the InitialLunar Outpost (ILO) in its

emplacementand consolidationphases.

There is not unanimousagreementon the volume and weight requirements

for food, air, and materialsnecessaryto supportcrew members on space mis-

sions. One can estimateas high as 32 kg/day of suppliesto maintain a person

in a totallyopen LSS, which would require I metric ton of supplies/person-

month for the rover. Most of the estimatedweight is water for personal

hygiene,washing clothes, and flushing. The weight requirementcan be reduced

to about one-thirdof this figure if less water is used.

5.2 ATMOSPHERE

Vehicleatmospherewill be 20% 02 and 80% N at 14.7 psi, with minimal CO2

and trace contaminants. This will require0.8 kg O_ and 0.7 kg N/person/day.

For a 30-day,4-person crew mission, the weight requirementsare 100 kg 02 and

, 80 kg N. This does not includeair lost in airlockoperationsor spare

capacity.

A two-bedmolecularsieve will be used for air scrubbingfor CO2 removal,

replacingthe four-bed molecularsieve developed for SSF. This will eliminate
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two desiccantbeds upstream of the two CO2 beds in that model with concomitant

weight and space savings. The CO2 can be vented or reduced.

CO2 can be reduced using the weil-knoWnSabatier or Bosch processes. The

Sabatierprocess has significantmass, power, and volume advantagesover the

Bosch process, but producesmethane which must be vented or otherwise

processed. The SSF will use a Bosch processwhich produces solid, elemental

carbon. This vehicleand the lunar base could most profitablyuse the

Sabatier process if the methane could be successfullyused as a fuel or

otherwisereducedto its carbon and hydrogencomponents.

5.3 WATER

Since water constitutesover 90% of the consumableloss of a LSS, it is a

high priorityto reduce this loss. SSF estimatesare as high as 22 kg of

water/person/dayfor total us_. Estimatesof water requirementsvary widely

across sources,mostly due to uses of water for other than drinking. Most

agree that each crew member will need 2 to 5 kg of drinking water daily

dependingon their activity level. For a 30-day, 4-person crew mission,

weight requirementsfor drinkingwater are from 240 to 600 kg.

The vehiclewill carry two kinds of water: potablewater used for

drinking and food preparation,and laboratorywater for onboard analytical

use. The potablewater loop will be partiallyclosed by recoveringcondensate

water (humidity)from the atmosphereand purifying it by multifiltrationto

remove dissolvedorganicvapors and metal ions. The laboratorywater will

probablyhave to be deionized if it is used in chemicaltests. Lab residues

will be stored onboardfor later disposalor recovery at the lunar base.

Onboard the vehicle, no water will be used for bathing or washing clothes

or dishes. Tissue wipes will be used for bathing. Potablewater will be used

to brush teeth with residues stored with other wet residues from food

preparation.

The crew will wear disposableundergarmentsand outer clothes that will

be changed at regular intervals. Undergarments,and perhaps some other

clothes,can be made of degradablematerialswhich can be combined and eventu-

ally recycledwith other solid wastes after the mission is complete.
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Food storage,preparati_in,and servingmaterialswill be combined in

degradable packagingwhich will be compactedand returned to the lunar base

for recyclingwith other solid waste. (Food packages create about half of the

solid trash weight produceddaily on the Space Shuttle.)

5.4 O_i

The reviewed literatureshows strong agreementfor food requirementsfor
, space crews, ranging from 1.0 to 1.5 kg/person/day. For a 30-day, 4-person _

crew mission, this would be about 150 kg of food. Food volume depends on

packagingand food type, but 0.015 m3/person/dayappears adequate for solid

foods. Total food volume for storagewould then be about 1.8 m3.

Food could be all dellydrated,or mixed dehydratedand frozen dependingon

the thermal management subsystemof the vehicle. Food will be prepared by

reconstitutingwith water and heatingvia microwaveand/or solar cook unit.

5.5 W__

A crew member produces0.113 kg of water weight and 0.024 kg of solid

weight in feces every day and 0.7 to 0.9 kg of urine. This translatesinto

16 kg of fecal materialand up to 108 kg of urine for a crew of 4 on a 30-day

mission. These wastes should be kept separate and either treated or stored

for treatment in a manner compatiblewith waste recovery for the lunar base.

The minimum waste treatmentscheduledfor the ILO is recoveryof water

from urine and from solid wastes,both for nonpotableuses. SSF will recover

water from urine for noningestiveuses only.

Solid waste recovery is the least well developedof LSS technologies,and

developmentof a long-termsystem for water recovery from urine for the SSF

has been shown to be extremelydifficultdue to the corrosivenature of urine.

This vehicle is thereforeplanned to store urine and fecal materialsonboard

in separate storagetanks for transfer and subsequentrecyclingtreatment.

Fecal materials can be collectedand stored in degradable 'baggies,'which

will save use of water for flushing,while urine can be collecteddirectly

into a specialholdingtank as aboard the Space Shuttle.
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5.6 TRASH

,, Current Space Shuttleexperience indicatesthat a space crew generates

1.0 to 1.1 kg of trash/person/day. The (noncompacted)volume formation rate

is approximately0.015 m3/person/day. Food containersaccount for about half

of this by weight (0.47 kg/person/day)with the remainderbeing mostly paper

and biomedicalwastes (0.13 kg each), leftover food (o.og kg), plastic bags

(0.06 kg), and tape, aluminum cans, and miscellaneous(0.10 kg).

Because tape is used mainly for securing people in weightlessconditions,

biomedicalwastes will probablybe minimal; and aluminumcans will likelYbe

replaced by different packagingfor lunar missions,thus trash generation

aboard this vehicle should be kept below the nominal I kg and 0.015 m3/person/

day formationr,_te. For a 4-crew member, 30-day mission this amounts to

120 kg of trash by weight and 1.8 m3 by volume that could be compactedand

stored aboard the vehiclefor later treatmentor disposal at the lunar base.

5.7 RADIATIONENVIRONMENTAND SHIELDING

The two sources of life-threateningradiationare Galactic Cosmic Rays

(GCRs)and Solar Flares (oftencalled Solar Proton Events or SPE). GCRs are

high-energyheavy and light ions. Solar flares are high-energyproton bursts.

GCR exposure on the lunar surface is a constant25 to 35 mrads/day. Solar

flares are much more dangerousand variable,occurringin an 11-yr cycle.

Within each cycle there are I to 2 major events of-5000 rads (considered

lethal), 2 to 5 moderateevents of 500 to 1000 rads, and 20 to 30 minor events

of 50 to 100 rads each. Current radiationlimits for astronauts are set at

200 rems for a cumulativelifetimecareer, 50 rems/yrand 25 rems/mo. A rem

is a biologicalradiationdose which includesa measureof relative biological

effectivenessfor specificradiationtypes.

To convert rads to rems, multiply the dose in rads by the relative bio-

logicaleffectivenessof the type of radiationexposure. These multipliers

range from I for direct X and gamma rays to I to 10 for solar flare protons

from 100 MeV to 0.1 MeV, and 15 to 20 for alpha particlesfrom 5 to I MeV.

Predictionof solar flare events is notoriouslypoor, making protection

from these events the prime considerationof vehicleshielding. The vehicle
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should be at least as protectiveas an_EVA suit, whic._would result in an

unacceptableexpo_ure of 130 rems/moto the arms and legs of an explorer.

More reasonably,the rover vehicle_hould be able to shield its occupantsto a

maximum 25 rem/mo exposure under solar minimum situations. Some ancillary

shieldingstrategywill be necessary(hidingbehind protectiveterrain,

. deployableshielding,or an internalflare shelter)to protectthe crew from

major SPEs up to 500 rads.

•- There appearsto be agreementthat I to 3 m of looselypacked lunar

regolithwould be sufficientto shield a lunar base.

The approxim_,teshieldingfor a 50 rem/yr dose limit from GCR would

require 2.3-cm thicknessof Al at a densityof 60 kg/m2. The dose equivalent

curves for GCR and SPEs show a rapid drop with increasingthicknessof Al up

to 10 cm. The curves break noticeablyafter this point, indicatingdecreasing

marginal benefitswith increasingthickness.

Keepingweight of the vehicledown while providingadequate radiation

protectionfor a 3.0-daymissionwill be problematic. Water may be used as

shielding(3.6 cnlH20 = 2.3 cm of Al) but it is only as effectiveas methane,

which has less than half its density. Methane would be produced as part of

CO2 reductionunder the Sabatierprocess,and would make excellent shielding

if it could be safely stored. Using water as shieldingimpliesthat it should

also be recirculatedfor nonpotableuses such as cleaning,but this adds to

the mass and LSS complexityof the vehicle.

The rover design uses a combinationof water, methane, and waste water

storagein the overhead bulkheadto augment 1.6 cm of aluminumshielding.

5.8 INTERIORVO'UME AND SPATIALARRANGEMENTS

. Many studiesover the past 30 years have looked at volume requirements

for crews of space vehicles (see Wise 1985, for a review). They are in

. agreementthat proficiencyof the crew is directly relatedto the free volume

available,and that when space is limited,normal housekeepingand hygienic

chores consume large portionsof the working day.
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5.8.1 Background

Davenport et al. (1963) propose an approximate minimum of 3.1 m3/person

for a 4-person, 30-day space mission.

The Lunex simulator used 4.4 m3 free volume for a 2-man, 14-day mission,

which included an airlock space which was rarely used. This would be in

keeping with the guidelines set by Davenport et al. (1963). But this study

also noted severe problems with housekeeping and hygiene as the crew simply

tried to stay out of each other's way and get things done. The small volume

here was also partiallydue to a lower overheadheight of just 1.7 m.

Wise (1985) found,after an extensivereview of all availableliterature,

that "It's not how large you make it, but how you make it large." Interior

free volumes can be kept at or below 4.25 m3/personfor up to 30-day missions

as long as the availablespace and interiorlayoutsare designed to meet the

crew's functionalneeds, and certain treatmentsare employed to make the

availablevolume appear as spaciousas possible, lt is relativelyeasy, for

example, to make a space appear up to 25% larger than it actually is simply by

using an angled bulkhead.

5.8.2 Basic Design

The lunar rover is designed to make functionaluse of airlockspace and

incorporatesa highly functionalinteriordesign. The interiorfree volume is

30 m3. The design uses a "three-box"conceptthat includes 'cockpit'(cab),

'lab/workspace,'and 'airlock'areas in sequence from fore to aft

5.8.3 Cockpit (Cab)

The cockpit is sized to fit all four crew members in 2 x 2 supportive

seats while driving, as the ride will be rough. An EVA-suitedcrew member

will be able to occupy the driver's station. Each fore-aft pair of seats are

convertibleto a sleep berth so that two crew members can sleep in the cockpit

and two more in the lab space via "junglehammocks"suspended from the

overhead. The four seats also allow the cab to be reconfiguredas an

impromptuwardroom,probablythrough additionof a lightweightfolding round

table that would fit betweenthe seats. This could be a smaller versionof

the one designed at NASA-ARCfor the SSF. The cab would be the preferred
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place to eat and relax becauseit is the only place that would allow a window

view out from the vehicle.

Thinking of the cab as a 'four-workstation'space suggests that approxi-

mately 0.7 to o.g m3 minimum free volume should be allocatedper crew member.

This would be in keepingwith using the cab as a minimum habitablevolume for

' four crew members. Assuming two space suits carriedaboard the rover, the cab

should also allow two suitedcrew members to operatewithin it in an emer-

' gency. Each suited crew member requires approximately1.5 m3 to operate

controls. Thus minimal cab free volume appearsto be resolvingaround

3.25 m3. For comparison,a currentlarge American automobileallots about

1.5 m3 each to front and rear passengerspaces•

The cab may be a separatelyshaped volume,as in the Boeing rover study,

or incorporatedinto the same cylinder as the lab space. But the latter

wastes space because the 3-m interiorwidth is not needed for driving, and a

cab does not need to have full standing height throughout. A cab interior

free width on the order of 1.5 to 1.8 m is more reasonableas this would allow

two EVA-suitedcrew members to operate side by side. The design tapers the

cylinderof the lab to form the cab. Further shapingof the cab requires

considerationof whetheroperable probes and manipulatorswill be added to its

capabilities.

Depth of the cab's free volume aft of the driving console should be at

least 2 m to allow the four crew membersto gather around a center deployable

table approximately100 cm in diameter, and for conversionof fore and aft

seats to sleep berths. A curved cab overhead proceedsfrom overhead console

height over the driver to the full 2 m interiorheight toward the rear of the

cab. This results in a full cab free volume of approximately4.0 m3, with an

overall length of 2•5 m.
6

5.8.4 Lab Space

• The 'lab/workspace' would be furnishedwith internationalracks as used

aboard the SSF. InternationalSSF racks are 156 cm high, (189 cm with mounts)

60 cm deep (76 cm with frame),and can be configured in varying widths (use

approximatelyI m wide for planning purposes). For comparison,U.S.SSF racks
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are 203 cm high, gO cm deep, and 107 cm wide. Both U.S. and international

racks can be subdivided into half-widthsegments.

This mandates a minimum interiorheight of approximately2 m. This

height would also accommodatethe tallestcrew members while providing room

for an overhead bar that would assist crew movement throughthe interior.

Studieson movement under simulatedone-sixthlunar gravity suggest such an

aid is appropriate.

For safety,EVA suit access throughoutthe vehiclemust be allowed. A

gSth percentilemale in an EVA suit requires 192-cm height,85-m width, and

6g-cm depth. Note that this is for the current soft suit. A more likely hard

suit for surfaceoperationsmight requiremore in width and depth.

There is now a tradeoff to be made between designinga vehiclewith a

single-or a double-loadedcentral lab space (i.e., racks on one or both sides

of the vehicle). For balance purposes,double-loadedracks are 'preferred.

For a vehiclewith a double-loadedcentralcorridor using internationalracks,

the minimum interiorvolume dimensionswould be 200 cm high, 238 cm wide, and

long enough to accommodatewhatever number of racks is required.

Adding shieldingand hull easily puts the vehicleat 3 m wide. The

Boeing lunar rover uses a horizontalcylinder for its airlock,which is 3.4 m

in width (Griffin1991). Accordinglya 3.0 to 3.4-m wide cylinder for the

central lab space appears feasible.

The length of the lab space cylinderdepends on the number and types of

rack instrumentsand equipment. A minimumwould seem to be five racks

(approximately500 cm) on a side, for an overall lab length of about 5 m.

5.8.5 Airlock

Standardairlock design houses the EVA suits within it and allows enough
4

room to doff/don suits. However, a suitportconcept explored at NASA-ARC for

SSF has much to recommendit for adaptationto a rover (Cohen 1985).
v

The suitportconcept places AX-5 type hardsuitsoutside the pressurized

interiorvolume, attacheddirectly to life supportcharging and checkout sys-

tems. Entry is through a backpackdoor on the suit that locks tight against

the pressurizedbulkhead. The suit itselfcan be shieldedfrom the external
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environmentby a form-fittedcover that closes over it. This suitport has the

highestvolumetricefficiencyof any type tested so far, meaning minimal loss

of interioratmosphereduring pumpdown for entry and exit. lt also prevents

contaminationof the interiorby lunar dust that will adhere to the suits,

These should be major considerationsfor repeatedlunar surface EVAs from a

, rover.

The two suitportsproposed for this rover could be housed at the aft end

' of the lab space. The area adjacentto the suitport could house a receiving

station for surfacematerialson one side and an enclosed hygienefacility on

the other. This would occupy one rack width each, with anotherrack width

open behind the suitports,adding another200 cm to the lab cylinder length.

Total exterior lab cylinder length would now be approximately7.5 m.

Within the 2.4-m interiordiameter of the lab cylinder,two suitports

could be positionedside by side, leadingto an exterior 'porch'on the aft of

the rover.

5.8.6 Summary

The entire rover is 10 m long, making it suitable for launch in the Space

Shuttle cargo bay. The rover could even be designed as an independent'cab

plus lab trailer' vehicle,and kept to under 14 m, the limit for the Space

Shuttle. This would be in keepingwith the Rover First concept,which

visualizes a rover taking the place of the ILO. There could be detachable

'trailer'cylindersof differentkinds that would eventually be linked

together in the first permanentlunar base.
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6.0 CABIN HEAT REJECTIONSYSTEM

Power-beamingis a mission-enablingtechnologyfor the lunar rover, lt

will provide high levels of continuouspower, therebyexpanding the list of

potentialmission objectives. However, the energy beamed to the rover must

, ultimatelybe dissipatedas heat.

6.1 DAYTIMEOPERATION'i

Waste heat rejectionin the lunar environmentintroducessome unique

challer4es. The heat must be rejectedthrough radiationto space and to/from

the lunar surface, Dependingon the time of 'day,'the location on the lunar

surface,and the design heat rejectiontemperature,the lunar surfacemay be a

net heat source or a net heat sink. The sink temperaturefor radiationcan be

relativelyhigh becauseof the high daytime lunar surface temperatures,up to

384 K (Smith and West 1982). Ewart and Clark (1991)calculate an available

daytime he't sink temperatureof 322 K for a vertical unshaded radiator at the

Iunar equator.

A simple heat balance allows calculationof the required radiator temper-

ature as a functionof heat load and lunar and radiatorphysical properties

Trej= Qre_ F_(XR(IARTsFmemaauAaT_
AREa(II

where ?r_j is the radiator operatingtemperature

Qr_j is the heat load
Fs is the radiatorview factor to space

Fm is the radiatorview factor to the lunar surface

•R is the absorptioncapabilityof the radiator
o is the Stefan-Boltzmanconstant

A a is the radiatorarea

• Ts is the space (sink)temperature
Tm is the lunar surfacetemperature

% is the lunar surfaceemissivity

_a is the radiatoremissivity.
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Figure 6.1 shows the relationshipbetween radiatorarea and temperature

for a heat rejectionload of 30 kW, and for the propertiesand temperatures

specifiedin the legend (the absorptioncapabilityand emissions are assumed

to be constant). The practicallimit on radiator area will result from the

requirementthat the system be mobile. The likely design approachwould be to

design the largest practicalradiatorfor a mobile rover and then select and

size the heat pump system to accommodatethe requisiteheat lift. A 30-m2

radiatorwas assumed, based on an overall vehiclelength of 10 m and cylinder

width of 3 m. The fabric heat pipe radiator is estimatedto have a specific

mass of 3 kg/m2, which gives a radiatormass of 90 kg (Antoniaket al. 1991).

There have been a number of studiesto determinethe viabilityof using

heat pumps to upgradewaste heat for space applicationsin order to reduce
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radiatormass and volume (Edwardsand Richards 1989; Grossman 19g0). These

studies have typicallylooked at orbitalapplicationswhere a very low radia-

tive heat sink is available. The general consensusis that for these applica-

tions a heat pump system would be marginallybeneficial.

The high heat sink temperaturethat a lunar rover would have available,

' combined with the need to maintain a livabletemperaturein the module, neces-

sitate the use of an active temperaturecontrol system since a shirt-sleeve

' environmentof 300 K is cooler than the peak heat sink temperatureavailable

for an unshadedradiator. From Figure 6.1 a 30-m2 radiator is required to

reject 30 kW at 420 K. Radiatorshieldingand heat storagecapacity may be

used to mitigate the heat rejectionrequirements,and to optimize the heat

rejectionsystem (Ewart and Clark 1991; Parrish et al. 1991).

The in-cabinwaste heat rejectionsystemwould consistof cold plates

coupled to a thermal bus to collectwaste heat and a heat pump to upgrade the

waste heat. The radiator has a selectivecoating to minimize insolation.

A promisingconcept for a heat pump system is proposed by Grossman

(1989),in which an absorptionheat pump using lithiumbromide and water is

used to upgradethe waste heat. The primaryadvantageof the absorptioncycle

is the lack of moving parts (exceptfor a small pumpingdevice). The cycle

employstwo working fluids. The temperaturelift is obtainedwhen one sub-

stance is absorbed into the other. Thus the heat pumping action is provided

without compression. Grossman estimates12.2 kg/kW specificmass for the

generator,evaporator,recuperator,and auxiliaryparts of the absorptionheat

pump.

To upgradethe waste heat to 420 K, the ideal Carnot coefficientof

performanceis 3.5, (thermalwatts moved for each watt consumed by the heat

pump). Assuming 60% of Carnot efficiencyis achievablefor a real system,the

coefficientof performancebecomes2.0. Thus, to reject 20 kW of cabin waste

heat at 300 K, 10 kW is consumed by the thermal managementsystem resulting in

30 kW radiatedat 420 K.

Combiningthe absorptionheat pump with a metal/ceramicfabric heat pipe

system will provide a very reliable,relativelylow mass heat rejectionsys-

tem, with a total estimated systemmass of 477 kg.
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6.2 NIGHTTIMEOPERATION

During night operationthere is no solar heat radiationand the lunar

surfacetemperaturedrops significantly,to about 100 K. With this reduced

sink temperature,the radiatorcan operate at a much lower temperatureto

reject the heat generatedin the rover. Figure 6.2 shows the necessary radia-

tor temperaturerequiredto dissipatevariousheat loads versus the lunar

surface temperature,which is 375 K for a 30-kW load. Although the heat pump

is used to remove the heat, less power is requiredthan during daytime

operation.

450 ..... I' ' ' I ' '" ' ' ' I " ' " ' I ' ' ' ' I ' ' ' ' I " ' '

Radiator Emmlsslvlty= 0.9

RadiatorAbsorptivity= 0.9
RadiatorArea = 30 m2

425 - LunarSurfaceEmmlslvlty= 0.93

" Space SinkTemperature= 6 K

_ L
0

_ 4()0

E
375I--

0

0_

I:E350 _ 2o, kw
25, kw

-----,e-.--- 30. kw
35. kw
40, kw

325
100 150 200 250 300 350

Lunar Surface Temperature

FIGURE 6,2. RadiatorTemperatureVersus Lunar SurfaceTemperature

32



6,3 EMERGENCYOPERATION

During a contingencyevent, it may be necessaryto operate the thermal

managementsystem under emergencyconditions. Assuming a loss of power, in

which the rover must rely solely on emergencyenergy storage, all non-

essentialelectricalconsumptionwill be curtailed,thereby significantly

_' reducingthe thermal load for the thermal managementsystem. During the day

this will not pose a significantproblem, since the radiator reachesequilib-

, rium at 300 K with a heat load of 3 to 5 kW. During the night, very low power

dissipationcauses the radiatortemperaturete drop significantlybelow room

temperature. However, if the radiator is isolatedfrom the cabin (by turning

off the thermal managementfluid loop), sufficientrover insulationwould keep

the rover warm enoughwith minimalheat dissipationwithin the cabin.
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7.0 MISSION SUMMARYAND HARDWARE REOUIREMENTS

Lunar rover explorationexpeditionsare designed to enhance activities

conductedat the base. Capabilitymust be providedto permit explorationover

a significantdistance from the base with equipment for conductinga wide

, range of researchexperimentsover a period of one lunar day (28 Earth days).

To determinethe types of experimentsand hardware necessaryfor remote

, exploration,manifestsbased on the NASA gO-day study and proposed Space

ExplorationInitiativesciencepayloads (Budneyet al, 1991) were evaluatedto

determinethe mass, volume, and power requirementsfor explorationactivities.

The scenarioassumed for this lunar rover mission provides astronautsthe

freedom to observe and evaluatephenomenawithout the need to perform

significantmanual labor. Small rovers and robots developedduring other

missions are incorporatedand adapted to this explorationmission. Tele-

operatedminiroverswill be availableto collect samplesin the vicinity and

transportthem back to the main rover For analysis.

7.1 MISSIONCLASSIFICATIONS

Many classes of lunar-basedscienceexperimentsare planned to investi-

gate planetaryscience, astrophysics,space physics,exobiology,life

sciences,and resourcesand materialsuse. From these experiment classes,

planetaryscienceexperimentsto determineresourcesand materials use are

significantlyenhanced by being conductedas a part of rover expeditions.

These investigationsare based on evaluationand use of lunar materials.

Explorationof large lunar areas,via a series of lunar rover expeditionsto

characterizethe resourcesand terrain,will significantlyimprove_election

of sites for bases, outposts,and in situ resourcedevelopmentfacilities.

• 7.1.1 Geophysical[nvestiqations

These investigationsallow astronautsto conduct geologic field work such
e

as mapping and sample collection. Sampleswill be collectednear or on the

lunar surface. The amount of suppliesnecessaryfor these investigationsis

based on two fully equipped teams of two astronautscollectinga wide variety

of samplesin the field, includingregolithcores to 10 m long, rock cores to
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15 cm long, bulk rocks, rock fragments,pebbles,!_;_il,and regolith. As a

result of these investigations,astronautswill analyze samples and construct

geologic field maps.

7.1.2 GeophysicalGround Sample Archival

These activitieswill allow astronautsto return lunar samplesto Earth
4

for analysis in terrestriallaboratoriesor archive unreturnedsampleson the

moon.

7.1.3 GeophysicalMappinq

These activitiesallow astronautsto measure a variety of geophysical

parameters in the field to provide informationto the Earth about the lunar

subsurfacestructure,local gravity and magnetics,and ranging.

7.1.4 Lunar EnvironmentalMonitorinq_

These activitiesallow continuousmonitoringof the lunar atmosphere and

geophysicalparameterssuch as heat flow, seismicity,gravity,magnetic field,

and space physics conditions.

7.1.5 Lqnar GeOSCrienceMeasurements

These activitieswill allow detailed assessmentof collected samplesto

performpreliminaryanalyses or advanced scientificanalyses of samplesthat

cannot be returnedto Earth in pristinecondition.

7.1.6 Minirover

The miniroverwill provide extendedmobility to manned exploration. The

rover will performremote sensingand collect and analyze samples. The rover

is designed to carry up to 5 kg of scientificinstrumentsand samplingequip-

ment and travel up to 100 km on the surfaceat speeds up to 400 m/hr.

7.1.7 Lunar Gas ExtractionExperiment

The purposeof this system is to demonstratethe extractionfrom and

determinethe compositionof gases emitted from the lunar regolith. The sys-

tem has the capabilityto collectgases such as hydrogen,helium, nitrogen,
)

and carbon componentsfor potentialuse at the lunar outpost. If He-3 is

collected, it would be exported to Earth for use as a possible fusion fuel.

36



7,2 HARDWARE REOUIREM_NTS

The componentsof the payloads for these investigationsare summarizedin

Table 7.I.

7.3 IN SITU RESOURCEUTILIZATIONDEMONSTRATION

To prepare for in situ resource utilization,small demonstrationsmust be

conducted. The preferredprocessesto be consideredare summarizedin Table

7.2. No power requirementswere suppliedfor these activities;however,

increasedpower to the lunar surfacecould significantlyenhance the timing

and the magnitudefor demonstratingthese capabilities. This increasedpower

availabilitywould enhancedevelopingthe manufacturingcapacity of the moon

to support future space exploration.

TABLE 7,1. Mission-RelatedEquipmentManifest

Mass Volume Power
Experiment -- .... (kq) ____ (W)

AstronautField Package 115 0.5 890
Sample Return Containers 145 0.3 N/A
GeophysicsPackage 330 0.2 50
EnvironmentalStation 70 0.1 80
GeoscienceLaboratory 105 0.2 320
10-meterDrill 305 0.2 6120
Minirovers(5) 75 0.5 20
Contingency 60 0.1 380

Total 1205 2.1 7860

Source: Budney et al. 1991
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TABLE 7.2. In Situ Resource DemonstrationActivities

Activit.y PreferredProcess Application

LLOX generator llmentie Water, life support,
emergency
repressurization

Metals co-productextractor Carbonyl Powder metallurgy,rods, '
zeolite

Ceramicby-productsunit Consolidate/sinter Sintered shades,glass
fibers, radiation
protectionwalls

Volatilesunit Thermal Helium, hydrogen,
carbon, nitrogen
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8.0 CONCLUSIONS

The present lunar rover study, althoughusing a differentpower resource

approach,has otherwise been quite conventional. That is, it has been implic-

itly assumedthroughoutthat minimizationof averagepower used will result in

the optimal (lowestweight) rover. However, the issue of an optimal rover

design acquiresa new perspectivewith the use of power beaming. At a small

incrementalcost in the beam receiverantenna and related electronics,the
j

rover could potentiallyhave availablewhat is now termed maximum power--but

continuously,if required,with no time limit on its use. Given the many

unknownsthat a lunar rover may encounterduring its missions, it would seem

prudentto provide it with extendedpower capabilitiesand to design for

maximum power use to cover unforeseenevents and opportunities.

The laser beam-poweredrover design presented in this paper has the

followingspecificcharacteristics'

• With only a total mass of 8000 kg, the rover can take a crew of 4 on 30-
day lunar explorationmissions,travelingat speeds of up to 10 km/hr
with very little restrictionswith respectto maximum inclineand soil
composition.

• No constraintson when, how long, or how far the vehiclecan travel,
within the 30 day mission duration,and no restrictionson day or night
operations.

• Drive system has inherentreliabilitywith four separatedrive motors,
and employsa lightweightfly-by-wireapproach.

• An onboardenergy storage systemuses fuel cells to account for routine
power consumptionvariations,which can be used for backup emergency
power.

• Space Station Freedom internationalracks are used for mounting equipment
and instrumentationand for storage. This provides commonalitywith
availableflight-qualifiedhardware.

i

• Redundantsystems are includedto ensure crew safety.

' • An open life support system is used to minimize mass, complexity, and
cost.

• Water, waste water, and methane storage (from atmospheric CO2 removal)
are used to augment aluminum radiation shielding.
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• The vehicle is relativelyspacious,with 30 m3 of free volume.

• An advanced thermalmanagementsystem provides the necessaryheat
rejectionwith minimum mass.

• A multitudeof mission-relateddevicesand instrumentation,rivaling the
capabilityenvisionedfor an initiallunar outpost, are includedin the
manifest.

• Mission activitiesare enhancedby a fleet of battery-poweredmini-rovers
capable of performingremote explorationmissions.

t

• Abundant energy availabilityallows potentialreduced mass designs for
systemsand equipmentonboard the rover.

Severalother featuresof power beamingthatenhance rover capabilities

should be mentioned. Because power is not generated onboard the rover, use of

a heat pump to increaseradiatortemperatureand effectivenessis a credible

option. Furthermore,when rover power requirementsare lower than available

in the power beam, some form of defocusingcould be used to match the incoming

power with rover requirements. This would serve to minimize thermal radiator

mass and area, as heat only from active componentsand equipmentwould need to

be rejected.

The power-richenvironmentavailableallows the mission planners the

flexibilityto includea wide varietyof missions,which may be both heavy and

power intensive. The capabilitiesof the beam-poweredrover are enhanced to

the degree that it can outperformeven the plannedconventionallunar base

concepts. Consequently,such a rover would be an excellentcandidatefor a

Rover First architecture,in which the early lunar outpost is a manned rover.
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