PERMANENT —Chapter 4 —
Industrial Processe#n SpaceFor Converting Lunar and Asteroidal Materials into Useful Products

Excerptsfrom a websitedevelopedby physicistMark Pradoon issuesrelatedto spacetransportatiorand
resourcesjwww.permanent.com]

1 The SpaceEnvironment— Advantagesand Disadvantages

Themanufcturingervironmentin orbital spacds muchmoreflexible thanon Earth,andmoreflexible thanthat
onthelunarsurface.

1.1 Zero-Gravity

With theexceptionof thelunarsurface thespacesnvironmentofferszerogravity, which createsnary optionsnot
availableon Earth.However, if gravity is neededor aprocessthenatrtificial gravity caneasilypemadeavailable
by useof arotatingcomple to producea centrifugalforce,which is equivalentandpracticallyindistinguishable
from gravity. Indeed,ary strengthof artificial gravity canbe provided, whatever is ideal. A rotatingindustrial
facility offersdifferentstrengthf gravity atdifferentdistancedrom its axis.

Zero gravity andthe absencef wind facilitate the handlingof very large componentandtheir assembly
into giantstructuresmpossibleto build on Earth. Zerogravity meanao corvectioncurrentsn moltenmaterial,
which allows purermaterialseparatiorprocessesnixing of materialswhich would separatelueto gravity on
Earth,andperfectcrystallizationprocessege.g.,for solarcellsandmicroelectronics)Many alloys andcrystals
areeasilyproduciblein spacewhich arepracticallyimpossibleto make on Earth.

1.2 Vacuum

Thepurevacuumervironmentin spaceoffers mary advantagesn manufcturing.Vacuumpreventsair contam-
inants.More importantly however, it allows industrialprocessewhich aredifficult or completelyinfeasibleon
Earthdueto interferenceby air andthe expenseanddifficulty of producingvacuumin anindustrialfacility at
thebottomof Earth’s oceanof air. The spacevacuumis muchpurerthanwhatis feasiblyproducibleon Earthat
greatcost,andit’s abundantandfreein space Of coursejf air is desired afacility canbe pressurized.

1.3 Solar Ovens

Giantsolarovenswill introduceentirelynew industrialprocessesndreameaf on Earth.It justisn’t feasibleto

producethetemperaturesn Earthwhich canbe easilydonewith giantsolarovensandcontainerlesprocessing
in zerogravity. Evenmediumtemperatureareeasierto producein space Giantsolarovenscanbebuilt in zero
gravity andwith nowind. Thesecanberelatively lightweightstructurese.g.,foil mirrors. Zero-graity contain-
erlessprocessingusingvery high temperaturesvill usherin awhole new field of materialsscienceprocessing
andmanufcturingimpossibleon Earth. Thermalenengy is cheapandcleanin space.

1.3.1 The McDonnell DouglasSolar Oven

Experimentson Earth(not in space)n processindunar soil simulantswere performedin the early 1990sin a
joint researcteffort by the McDonnell DouglasSpaceSystemsComparly (MDSSC),the Aluminum Compaly
of America(ALCOA), andthe SpaceStudiesinstitute (SSI). (Paperreference.)This wasbasedon a solaroven
MDSSC hadhuilt for previous researchinto solarpower for producingelectricity a 75 kilowatt thermalsolar
collectormadeoriginally for a 25 kilowatt electric Stirling enginebut reappliedto a simple oven for the lunar
materials. This solarconcentratocanachieze concentratiorratiosof 10,000suns(i.e., 1400 Watts/cm2)over
a 20 cm (8 inch) wide beam. The device is locatedat MDSSC's Solar Enegy Test Facility in Huntington
BeachCalifornia. (MDSSCalsodevelopeda 10 megavatt SolarOnepower tower but thatwasoverkill for lunar
materialgprocessing.)



The oven usedlunar simulantsto producecastbasaltrods, bricks and glassfibers. StandardASTM tests
foundthattherodshadcompressie strengthsof approximatelyl0,000p.s.i.,which is abouttwo or threetimes
greaterthan concrete. One experimentproduceda 2 cm thick (approx. 1 inch thick) opaqueglassplate of
remarkablestrengthby heatinglunar simulantwith a moderatentensity of 60 W/cm2. Anotherweldedtwo
brickstogetherby puttinglunarsimulantbetweerthemandheatingit, producingaweld depthof rangel.3t0 1.9
cm. It is thoughtthis processould eventuallybe usedto help produceclosed potentiallypressurizedtructures
exclusively from lunar resourcege.g., buried habitatsundercompression) Furtherstudieswere undervay on
crystallizedcastbasaltstructuresandglasscomposites(Thereis quitealot of experiencen castbasalton Earth,
aseasterrEuropecountrieshave beenproducingpipesandotherthingsfrom meltedbulk basaltfor decades.)

Togetherwith the Shimizu Corporation(a huge, old Japanesengineeringand constructioncompar),
MDSSCinvestigatedoreakingup rocks by thermalshockon the surface (muchlike a glassbreaksif you pour
hot waterinto a cold glass)for the purposeof enhancindunar surfacemining operations.Testson rocksfrom
the samequarryasMinnesotalLunar Simulant(MLS) foundthatthe rocksbroke up whenhit with anintensity
of 25W/cm2,thoughtherelevang of thiswork wasbeingstudiedin view of the potentialeffectsof moisturein
therock on Earthusedfor theseexperiments.

Additionalwork wasplannedseveralyearsago.If anyonehasary informationonthisadditionalwork, please
senda messagéeo info@permanent.confor example,they hadplannedto implementsomedesignchangego
themeltcrucibleatthis facility, anddiscussionsvereundervay to performsimilar researclusingasolarfurnace
atthe University of Arizonawhich canachiere comparablesolarconcentrationgver asmaller 2 cmwide area.

1.4 Electrical Power from the Sun

Electricalenegy will be abundantand cheapfrom solarcells. As the MIT reporton manufcturing SPSsin
spaceputit: “...the costof enegy for the SMF operationgesembleghe costpatternof SPSs: a large initial
outlay for the solararray followed by a very low operatingcost (dueto the absencef needfor fuel andthe
low maintenanceequirement).Therefore for long operatingtimes, the costof enegy in SMF operationscan
besubstantialljower thanthecostof enegy in earthmanugcturejthisis anothempotentialcostreductionin the
lunarmaterialscenaricover the earth-basedonstructiorscenarid.

1.5 HeatRejection

The vacuumernvironmentdoesbring onedravback, however. Industryon Earthoftenrejectsheatto the ervi-
ronmentby smolestacksandcooling pipesin lakes. In spaceplaininfraredradiationmustfulfill thistask.Any
processesequiringrapid heatrejectionwould requireusinglarge radiators(sinceinfraredradiationrejectsheat
at a rate proportionalto the fourth power of temperatureT4). Large radiatorswould be expensve to blastup
from Earth,but they canbe simpleenoughsothatthey aremassproducedrom asteroidabnd/orlunar material
for mostapplications.

Of course not every applicationrequiresrapid heatrejection. Someapplicationswill requireinsulationfor
slow cooling. However, someprocessewill be limited by the rateof heatrejection. It’s worth mentioningthat
extremelycoldtemperaturearealsoreadilyavailablein theshadavs of space However, it takestime to achieve
very coldtemperatures-However, if youwantto storesomethingn thecoldfor alongtime,it’s cheapesto doit
in spaceOnceit’s cold, it doesnt take ary refrigerationwork to keepit cold. Justkeepit in ashadev produced
by areflector

1.5.1 Different designsof radiators in space

Many studiesfocuson makinglow mass highly efficient radiatorsfor launchingup from Earth. However, in a
PERMANENT scenariomary of thesedesignsareinappropriatelt’s importantto understandhat the massof
theradiatoris not ashig of a problemfor radiatorsmadefrom asteroidabr lunar materialasit is for a radiator
madeon Earthandlaunchedup. For manufcturingtheradiatorin spacesimplicity of designfor manugcturing
it in spaceis animportantfactor Therearetwo kinds of radiators,“passie” (no moving parts)and “active”
(with moving parts).Within thesetwo typesarea wide arrayof variations.



Thesimplestradiatoris justabig metalhot platewith fins. No moving parts.It couldbeorientedperpendic-
ularto anothedarge objectwhich castsa shada. It would protrudeaway from thefactorysothatits radiationis
notreflectedby thefactoryandsoit doesnt receve otherradiationfrom the factory Radiatorsarebestmadeof
metalswhich aregoodheatconductorsandhave a high rateof emissvity.

Themostcommonactive radiatorspipeafluid to materiallymove the heatfrom oneplaceto anotherusually
afluid thatevaporatesat the hot endandcondensest the other(calleda “heatpipe radiator”, utilizing heatof
vaporizationandfusion). Anotherconcepis the“liquid dropletradiator’wherebya hotliquid metalis sprayed
from the hot endtowardsa collector(no evaporationor condensationjust spray),the ideabeingthat droplets
have ahighersurfaceareato radiate perunit mass.Regardingradiatorswith working fluids, micrometeorgould
puncturethem,or alarge leak could causea disastersothe fluid mustbe protectedsomeway. Oneinteresting
designhasthe working “fluid” in active radiatorsconsistof tiny metalballs ratherthana liquid. A fairly nev
designis a “moving belt radiator” wherebya drumis connectedo the heatsourceanda long metalcorveyor
beltmovesacrosghedrum.

Passve radiatorsare generallymuch simplerand easily massproducedfrom asteroidalor lunar material.
In ary casetheradiatorsin spacewill be muchbiggerthanradiatorson Earthto performthe sameamountof
cooling.

1.5.2 Multiple usesof heatgradient in factory complex

Differentindustrial processesequiredifferentoperatingtemperatureslt may be feasibleto designan overall
factorycomplex wherebyoneprocesasitilizesthewasteheatfrom anotheprocesstejectsits own wasteheatto a
third processandsoon. However, if too mary processeareaddedthisresultsin avery complex factorydesign.
Thefactorymustbe adaptabldo the shutdevn of a particularoperationdown the chain,asshuttingdowvn one
operationcould affect the operatingemperaturef the next processinlessremedialmeasurearetaken.
“Cogeneration’is a processwvherebyelectricity is generatedisingthermalengineg(e.g., Stirling, Brayton
or Rankineengines)yandtheir wasteheatis usedfor thermalheatin factories.Lik ewise, the otherway around,
wasteheatfrom high temperaturenaterialsorocessingould be usedfor electricitygeneratior(thermalengines
or solid statethermoelectric). The value of this in spaceis debatabldn view of solar cells as an alternatve
electricitygeneratiorscenariolndeed,a goodplaceto putaradiatoris in theshadev of thesolarcell array

2 Separating Elementsand Minerals by Simple Methods

Insteadof covering lunar mineralprocessingn the lunar section,it is betterto cover it in anindustrialsection
becausé canbeappliedto processin@steroidamineralsaswell. Ontheotherhand becausasteroidamaterial
hasuniquenesses,e., free nickel iron metaland preciousmetals,which cannotapply to lunar materials,the
simpleprocessingf asteroidaimaterialswith simplecrushersmagnetsaandovenswasdiscussedn the section
on asteroidamaterial. However, advancedprocessingf asteroidamineralsfor otherthingsbesidedree metals
andvolatileswasnot discussedhere,sinceit overlapswith lunarmaterialsprocessing.

2.1 Magnetic Separationof FreeMetals

As discussedh thesectionon asteroidresourcesasteroidsarerich in freenickel-iron metalgranulesTheMoon
hastracebut extractablequantitiesof thesegranulesaswell, left over from asteroidmpactsandpreseredonthe
waterlessrustlessMoon. Thoughtherearebig differencesn concentratiorandsizeof granulesetweerthetwo
sourcesthe basicprocesss the same. After grinding, the streamsof materialare put throughmagneticfields
to separatéhe nickel-iron metalgranulesrom the silicategrains. Repeateaycling throughthe magneticfield
giveshighly purebagsof free nickel iron metal. Oneof several alternatve waysis to drop a streamof material
ontomagneticdrums,asshawvn in thefigure belav. This methodalsoshavs animpactgrinderdiscussedn the
next paragraphThesilicatesandweakly magneticmaterialdeflectoff the drumwhereaghe magnetiogranules
andmaterialholdingmagneticgrainsstick to the magnetiocdrumuntil the scrapeoff point.
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An optionaladditionalpieceof equipmentis an “impact grinder” or “centrifugal grinder” wherebya very
rapidly spinningwheelacceleratethematerialdown its spolesandflingsit againseanimpactblock. Any silicate
impuritiesstill attachedo the free metalareshatteredff. It's feasibleto have drum speedsuficient to flatten
the metalgranulesby impact. A centrifugalgrinder may be usedafter mechanicalgrinding and sieving, and
beforefurther magneticseparationlin fact, mostof the shatteredsilicatewill be small particleswhich could be
sieved out. Magneticbeneficiationcanbe usednot only for separatingurenickel-iron metalgranulesput also
for mineralswhich have weakmagnetigproperties Thisis doneat Earthmines.In spacewheregravity is lower
andmoresensitve processearepossible magneticbeneficiatiorcanplay a significantlygreaterole. Thereare
mineralsthatareattractedrepulsedandunafectedby magnetidields,basedntheir “permeability”to magnetic
fields. This is oftenillustratedby shawving a picture of magneticfield lines and grainswhich attractlines by
bendingtheminto the grain (concentrating)grainswhich repelthe lines,andgrainswhich arent affected. The
dagreesof magneticpermeabilitydiffer from mineralto mineral. Particleswhich concentratehe lines of force
andbecomepolarizedandconsequenthattractedarecalled“paramagnetic’.Thosewhich dispersdahelinesare
called“diamagnetic”.

Basedon magneticbehaiour, paramagneticnaterialsare sub-classifiedsferro-magnetiandfeebly mag-
netic. Magneticseparatorsre classifiedasdrum, pulley, disc, ring andbelt separatorsThey areall basedon
the sameprinciple,andall usea provision for feedto runinto andthroughthe magneticiield andvariousmeans
for dischaging separatelyhe magneticandnonmagnetiportions.Seealsothe PERMANENT sectionon elec-
trostaticbeneficiationa similar procesdor separatiorof mineralsbasediponelectrostaticinsteadof magnetic,
properties.

2.2 Thermal Extraction of Volatiles

Asteroidsarerich in volatile elementssuchaswater hydrogen,carbon,sulfur, andotherelements.Extracting
theseis easy The materialis channellednto a solaroven wherethe volatilesare cooked out. In zerogravity
andwindlessspacethe ovenmirrors canbe hugeandmadeof aluminumfoil. The gasstreamis pipedto tanks
locatedin acold shadav of space.Thetanksareputin seriessothatthe furthestoneaway is coldest.This way,
watercondensesnorein the first one,whereascarbondioxide and othervaporstendto migrateandcondense
in thetanksdownstream.Notably, rocket fuel for the delivery trip to Earthorbit canbe producedby separating
oxygenand hydrogengasesfrom the mix, or by electrolysisof water Alternatively, the hydrogencould be
chemicallybondedwith carbonto producemethanduel. Tanksfor storingfrozenvolatilesfor sendingto Earth
orbit canbe manufcturedoy someof thefreenickel iron metal,by useof asolarovenfor meltingthenickel iron
metal. For example,a castcanbe madefrom sandor glass-ceramimaterialfrom meltedleftover ore. Thetank
doesnt needto be a highly pressurizedank, asthe volatileswill befrozento avery cold temperaturén space.
Alternatively, thin tankscould be sent,remanufcturedfrom spentfuel tanksusedto getto orbit from Earth.Or
the spentfuel tankscould be sentas-is. The re-useof spentfuel tanksin spaceis discussedn the chapteron
productsandservices.

2.3 SeparatingMinerals by Electrostatic Beneficiation

Mineralscomein grains. For example,a scoopof lunar dirt will typically containa numberof minerals,but
thedifferentmineralswill comein theform of differentgrains,eachgrainbeinga glob of mostly oneparticular
mineral. Usually two or moredifferentmineralgrainswill be fusedtogetherinto one,which requiresgrinding
thematerialin orderto separatéhe grains.However, like sandon abeachyou oftenseefree puregrainsbeside
differentfree puregrains,or grainspredominantlyof onekind or anotherdependingiponorigins. Thenaturally
pulverizedlunarsoil is like afine sandybeach.

At themine, it is easyto scoopup a mix of fine grainsandseparatg@uregrainsof a particularmineralfrom
the rest,andgrainsof predominantlyonekind or another usingone or more of the following processesThe
materialwill beinitially sievedby screenso separatgrainsby size.Optionally thegrainsof eachgivensizecan
be passedhroughthe appropriatelysizedmechanicafrindersandsieved againfor uniformity. The next stepis
to separatehe mineralgrainsby a processalled“electrostatidoeneficiation” which meanschaging themwith
staticelectricityandseparatinghemby passinghemthroughanelectricfield, aspicturedin the next figure.
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Figure2:

An electrostatidbeneficiatorworks becausdifferent mineralshave differentelectrostaticaffinities — will
absorkdifferentamountf chage dependingipontheir compositionandhencearedeflecteddifferentamounts
by an electricfield. After grainsaresieved by size,they areplacedthrougha beneficiatar After a few passes
throughbeneficiatorsywe have separatediifferentmineralsfairly well. (Theres no changen physicalor chem-
ical identity; theres only separatiorof minerals.)

Beneficiatorgypically usefree-fall of grainsthroughelectricfields. However, somebeneficiatorslide the
grainsdown aramp,andsomeputthemacrossarotatingdrumwith a certainelectrostatichage sothatgrains
of acertainaffinity will sticktothedrumandotherswill fall to thegrounddueto gravity or thecentrifugalforce.
Thus,beneficiatiorseparatemineralsaccordingto their electrostati@ffinity, aswell astheir differentdensities
(with gravity or the centrifugalforce).

The grainsarechagedby ary of the following methods:chaging the screerthat sievesthem,or chaging
anothersurfacewhich they slide over, or a diffuseelectronbeamasthey fall. The chaging methodcandepend
uponwhich mineralswe wantto separatesincedifferentmineralshave differentresponseto differentmethods
(andindeedto differenttemperaturestoo). The resultantmaterialis collectedin differentbins wherebythe
enrichedportionof thedesiredmineralis calledthe“concentrate’andtherestof the outputis calledthe“gangue”
or“tailings”. While on Earthwe’re usuallyinterestedn justonemineralandonebin, ontheMoonwe will often
be interestedn using more of the material. With an electrostatidbeneficiatorwe could have multiple bins at
the bottom,asthe mineralstreamwill split up into multiple streamsdependinguponthe degreeof attractionor
repulsionof eachmineral.

Whereaslectrostatideneficiatioris commonlyusedat mineson Earth,it world work evenbetterin orbital
spaceor on the Moon, dramaticallyso. The vacuumof spaceandthe Moon meansno air turbulencein the
dropchamber Air doesnottolerateelectricfieldsaswell asvacuum,andin factelectricfieldscanbetentimes
strongerin vacuum. In spaceand on the Moon, thereis no moistureto make grainsstick together Moisture



alsochangesninerals’electricconductvity andreduceshe differencesetweenminerals,henceon Earthwe
often have to roastthe materialbeforebeneficiation.The onesixth lunar gravity dramaticallyslows the fall of
the materialthroughthe electricfield, therebygreatly enhancinghe separation.If we beneficiatemineralsin
orbit (e.g.,asteroidaiminerals) the centrifugescould createartificial gravity of ary sensitvity, whichwould be
superiorto the Moon’s surfaceaswell.

Notably the naturallyfine lunar powder on the surfaceof the Moon wasof keeninterestin the early days,
asgrainswould stick to things,and sometimeshaow levitational propertiessuchasgliding whenkicked. This
is dueto the very high electrostatiaffinity of someof the grains. Indeed,lunar dustwasa nuisance.Experi-
mentswith simulatedunarsoil have producedexcellentresultsusingbeneficiatorsn aregularair environment.
(Notably theres alsoalot of experienceat Earthminesin separatinghe valuablemineralilmenite,of particular
interestandabundanceon the Moon. Someengineeringcompaniegocuson ilmenitein their first lunarmission
scenarios.Metal-producingmineralsarenot the only tamgetsof beneficiation.Quick productionof somekinds
of simpleglassproductsarealsoof interest.

For the SolarPawer Satellite(SPS) the GeneraDynamicsreportstates:The presenc®f large quantitiesof
fine glassparticlesin lunarregolith is particularlyrelevantto therecommendedseof foamedglassasprimary
structurefor the SPSsolararrayandantennasFoamedylassis commerciallynanuficturedrom fine particlesof
groundglassby theadditionof smallquantitiesof foamingagentsandtheapplicationof heat. Thus,beneficiation
of lunarregolith to recover the large amount<of fine glassparticlesmay permitthedirectproductionof all of the
foamedglassneededor the SPSwith few or no intermediatestepsrequiredto preparehe glassfor foaming’

Beneficiationcouldoccureitherata centralprocessingreaon thelunarbaseor atthe mine. As is oftenthe
caseon Earth,locatingthe beneficiatoat the lunar mine could significantlyreducehaulingof oreandhencethe
costof biggerhaulersandmoreenegy, but would requirethatthe beneficiatobe mobile. Somedesignsn the
literaturehave a mobile beneficiatormspartof themobile excavationequipmenivherebythe wasteis left behind
in the samespotit wasdugup, aslandfill.

2.4 SeparatingMinerals by Floatation and Vibration

It's possibleto separatessomemineralsby their density oncewe have a sieved collectionof grainsof the same
size. Justvibrating a bedof samesizedgrainswill separatenineralgrainsinto layersfairly well basedon their
“weight” in a centrifugeor in lunargravity. Thedensemrainsfall to the bottom. Pouringmaterialinto a liquid
of intermediatadensitywill quickly separate desiredgrainby floatation,thoughit mustbedriedthereafteand
thefluid regycled. Floatationcanbefine tunedbasedn thetheorydiscussedbelow.

In orbital spacezerogravity helpsin this processasa centrifugecan provide differentlevels of artificial
gravity asdifferentmineralssettleatdifferentrates.Floatationis basedrimarily onsurfacephenomenomotthe
specificgravity of themineral. Differentmaterialshave differentaffinitiesto aselectediquid andtheair bubbles
introduced. The surfacetensionof the liquid is essentiato fully understandinghe process.Frothingreduces
the surfacetensionof the liquid. Of interestis minerals’“wettability” or repellantproperties relatve degree
of readinesdo adhereto bubbles,andaffinity for certaintypesof chemicalcompoundsor reagents.Sulphide
mineralsof all typesandsizesarethe mosteasilyfloatable.

OnEarth,floatationis oftenoptedbecausef its simplicity, selectvity andflexibility. Frothingandseparation
processemay befairly interestingin low gravity. The downsidein spaceis the needto stringentlyregycle the
liquid usedfor thefloatation,aslong asvolatilesremainin shortsupplyin earthorbit.

2.5 Electrophoresis— SuperMineral Separationin Orbit

“Electrophoresis’for mineralseparatiorcanwork only in zerogravity, but it is anextremelyhigh performance
processaaswell asasimpleone. (Indeed the useof the SpaceShuttlefor smallmedicalpurposeelectrophoresis
payloadshasbeenandalwayswill be a major program.)Electrophoresisvorks betterthanelectrostatidoenefi-
ciationbut is muchslower. A tankis filled with afluid, andanelectricfield is createdacrosshe tank, say by
chaging two oppositewalls or platesfacing eachother one positive andone negative, asshavn in the figure
belon. The mineralgrainsto be separatedre put into the fluid, wherethey will be suspendediueto the zero
gravity ervironment.



Electrophoresis schematic 1. INPUT
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Figure3:

Electricchageswill passthroughthefluid from onewall to the other andthe mineralswill collectelectric
chages. Dueto the differing molecularnaturesof the differentmineraltypes,eachwill accumulatea different
net electric chage with respectto the fluid. The differentmineralswill migratethroughthe fluid to a certain
position betweenthe two walls and betweenothertypesof mineralsof higherandlower “isoelectric” values.
Eachtype of mineralwill form a planeof materialparallelto the two walls andparallelto planesof the other
mineraltypes.

Electrophoresidas beenemplo/ed by medical and biological fields since the 1930sfor separationand
identificationof enzymesproteins,lipids, andblood cells. Electrophoresifiasalsobeenusedasa separation
techniquéfor dissohed claysandlimestones.

However, electrophoresisn Earthis limited to very lightweight materials.Whenit is used,it is performed
with difficulty andlimited effectivenesdecausef Earths gravity, which causegorvectioncurrentsaswell as
gravitational settling. Somemedicalapplicationsof electrophoresishich wereexceedinglydifficult, elusive or
practicallyimpossibleon Earthdueto corvectioncurrentsproved quite easyon the SpaceShulttle.

A NASA-supportedesearcireportstates‘One of the mostpromisingpropertiesof lunar soil is the wide
rangeof isoelectricpoints of the minerals. No two mineralshave the sameisoelectricpoint or, in practically
all casesgven similar isoelectricpoints... [This propertyof lunar soil] makesit anideal candidatefor elec-
trophoreticseparationit meanghatfor agivensuspensiomaterialeachmineralphasewill separatandform a
discretebandwithin the electrophoretichambef

An experimentalseriesof studieswere supportedat the NASA Marshall SpaceFlight Centerto testand
developthe conceptof electrophoresisf simulatedunar soil, andtheresultswerevery encouragingincluding
separatingnineralswith closeisoelectricpoints. Electrophoresigss simple, takes little enegy andis highly
automatableElectrophoresisanalsobehighly effective for separatingraceminerals.



3 Materials from Minimally Processedulk Lunar/Aster oidal Soils

3.1 Overview of Lunar crete, Astercrete, fiberglass,ceramicsand Glasses

Perhapseven more commonly than metals, we will use fiberglass, “lunarcrete” concretes,ceramics,glass,
foamedglassandclearglassesThesewill beusedio make structurabeamswalls, floors,sinks,pipes,electrical
insulators waveguideson SPSsand communicationgantennaarms,and substrateso mountthingson. Clear
glasswill beusedfor windows andsolarcell covers. Ovens,metalcastingmolds,andotherindustrialrefractory
needscan be satisfiedby sinteredcalcia (CaO), silica (Si0,), magnesigMgO), alumina(Al,03) andtitania
(TiOs). Of coursethesestablematerialsarecommonlyusedon Earthfor the samepurposesdueto their great
resistancdo heat,oxidation(they arealreadyfully oxidized),corrosionandabrasion.Someceramicshave low

thermalexpansiorandareattractve for spaceervironmentsvhereawide rangeof temperatureareexperienced.

Glassesandceramicsgenerallywork well in compressiorbut not well in tension. Foamedglassstructural
beamscould be reinforcedwith asteroidahickel-iron steelsothatthey withstanda wide rangeof bothtension
andcompressionHowever, mary researcherthink that steelreinforcementvill usuallynot be necessaryFor
example,NASA-sponsoreaxperimentsusingsimulatedApollo 12 soil hasproducedylass-ceramicwith “su-
periormechanicaproperties.. with tensilestrengthsn excessof 50,000p.s.i” which canbe“usedasstructural
componentsf buildingsin spaceor ontheMoon:’ Clear puresilicaglass(SiO,) is readilymanufcturablgrom
lunarmaterialsasareotherclearglasseshataremadeof simply beneficiatedunarsoil.

Freenaturalglassis morecommonon the lunar surfacethanon Earth. The lack of wateron the Moon has
presered theseglassedrom their volcanicinceptionbillions of yearsago,in contrastto Earthwhere“devit-
rification” (i.e., decompositiorby the chemicalactionof waterin the ervironment)breaksdowvn naturalglass
over the periodof millions of years. Notably lunarderived clearglasscanbe madeoptically superiorto that
producedon Earthbecausdunar glasscanbe madecompletely*anhydrous”— lackingin hydrogen.“With the
possibilityof containerlesselting plusthereadyavailability of ultrahighvacuum the processingf high purity
glassfibers]for fiberoptics,e.g., onlarge communicationsatelliteplatforms]canprobablybe achievedatmuch
reducedcostsin space.”. Usinga simplerprocesswe canproducebulk fiberglass.“The manufctureof glass
filamentsis a standardhighly developedprocessand no problemsare foreseenin transferringthis processo
the lunar surfaceor to [an orbital basedfacility].” The conserative GeneralDynamicsstudydesigneda 4 ton
fibemglassplantthatwould produce750tonsperyearof fibemglassassumingoperation91% of thetime, though
Darwin Ho andLeonE. Sobonhave followed up on this work to improve the designof the plant.

Hard ceramicsusedfor industrialprocesses;alled“refractories”,e.g., calcia,magnesiafitania, silica and
alumina,are usedfor castingmolds andotherhigh temperaturehigh pressureand highly abrasie processes,
aswell ascontactwith highly reactve chemicalswithout beingcorroded.On Earth,ceramicball bearingsare
evenusedin specialircraftengines Theserefractoryceramicsareproducedy “sintering”, wherebypowdered
materialof the samecomposition(e.g.,Ca0)is puttogetherandmeltedat a very high temperaturéhencooled
slowly to asolid andheldfor long periodsof time at thattemperatureWhile thisis a routineprocesson Earth,
it's easyin orbital spacewith large solarovens,andworks betterin vacuumwherethereis no oxygen,wateg
or othermoleculedo createimpurities,poisonthe pristinesurfacesanddecreasenolecularattractionwithin the
desiredpurematerial.

3.2 Sintering of Lunar and Asteroidal Minerals

Sinteringis a simpleprocesswvherebybulk basaltor a particularmineralor setof mineralsin powvder form are
heatedto a high temperaturdessthanthe melting point, wherebythe particlesbondto eachother producing
a porous(on a microscopicscale)material. The materialusually shrinkssignificantly and often the sintering
processoccursin a die with a compactionpressure.The vacuumin spacegenerallyhelpsthis process.The
heatcan comefrom either direct solarenegy and/ormicrovave. Microwave heatingallows quicker uniform
heating. The resultis a fairly low densitymaterialwhich canbe cut and shapedairly easily canhold small
loadsin compressionandprovidesgoodthermalinsulation,but cannottake muchstressn tensionandis brittle.
Sinteringallows productionof partswithout meltingandliquid castingprocessesd,e., dealingwith only powvder
or fine sand.
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Figure4: Source:GeneraDynamics/Cowair reportfor NASA andUS Dept. of Enegy on makingsolarpower
satellitesfrom lunar materials.Slightly rewordedby Mark Pradofor PERMANENT.

3.3 Glass-Ceramicsfrom Lunar Material

Lunarregolith or basaltiaock canbesimply meltedandcastto form productswith greatemechanicaproperties
thansinteredmaterials. The resultantmaterialis calleda glass-ceramicAdditional propertiesof this material
includehigh resistanceo abrasiorandchemicalelementsandfairly goodthermalshockresistanceTherehas
beenanentire“castbasalt”industrycommonin somecountriegmainly EasterrEuropeanfor atleast50 years,
usedto manugcturebasalticpipes,tiles andotherindustrialproductsfrom Earthbasaltrockswhich have very

similar propertiesto lunar basalt. To fully melt basalticrock, the requiredtemperaturés around1350C. The
materialmay be pouredat around1200 C into sandor metallic molds, andwill solidify at around900°C to

1000 C. Muchlike concretes reinforcedwith steelrods,theflexural andtensilestrengthf this glassceramic,
and ductility and fracturetoughnessmay be improved by addingfiber reinforcementseither glassor metal
fibers. Preparatiorandtestingof samplesrom ALS (Arizonalunar simulant)were undervay by Desaiet al.

(1993)andareview of the subjectis givenin Desaietal. (1992).

3.4 Glasses

A greatvariety of glassproductscan be producedfrom lunar and asteroidalmaterials,including fibemglass,
clearglass,and materialsfor items suchaswalls, pipesand somekinds of structuralmembers.Freenatural
glassis morecommonon the lunar surfacethanon Earth. The lack of wateron the Moon haspresered these
glassedrom their volcanicinceptionbillions of yearsagoandfrom asteroidmpacts,in contrasto Earthwhere
“devitrification” (i.e., decompositiorby the chemicalactionof waterin the ervironment)breaksdowvn natural
glassover the periodof millions of years. This glasscanbe separatedisingsimple electrostatidoeneficiation.
OnEarth,glassisn’t usedfor structuralapplicationsecausglassproducedn Earthis hearily contaminatedby
watervaporpresenin theatmospheravhich makesthe materialbrittle, weakandproneto cracks.“Anhydrous”
glass,i.e, glassproducedn the absencef hydrogenor water hassignificantly bettermechanicaproperties.
This hasled someresearcherto analyzethe potentialuseof glassegor structuralcomponentse.g., the General
Dynamicsreportendorsesiseof foamedglassin solarpower satellites Blacic coverswider uses,andCarsleg,
Blacic andPletkareportonthe mechanicapropertiesof thesematerialsproducedrom lunarsimulants.
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Soilsrichin iron oxide (FeO)producedarkbut mechanicallystrongglass-ceramicsyhereascolorlessglass
windows can be producedfrom basically anorthitealone or with small additionsof CaO and/orSiO,. The
expansioncoeficient of suchglassess likely to be lessthanthat of commonwindow glass. This shouldbe
an assetfor windows which will esperiencéarge changesn temperaturé. Clear puresilica glass(SiQy) is
readily manugcturablefrom lunarmaterials.Dueto the lack of hydrogensuperioropticalfiberscanbereadily
produced.Glassesasopposedo glassceramicsare producedoy cooling the meltedmaterialfasterto create
a differentcrystallinestructure. Therehasalsobeendiscussedhe prospectof foamedglassstructuralbeams
reinforcedwith asteroidnickel-iron steelso that the structuralmemberscould withstanda wide rangeof both
tensionandcompression.

PERMANENT —Chapter 6 — SpaceColonies

4 Coloniesin Orbit vs. Colonieson Planetary Surfaces

Coloniesin orbital spacearesuperiorto colonieson otherplanetsandmoons,contraryto popularbelief. “Plan-

etary chauenism” is the tendeng for peopleto think that coloniesin spacewould preferablybe locatedon

planetarysurfaceslike Marsor the Moon insteadof in orbital space Considerthe advantage®f a habitatbased
in orbit:

¢ A habitatbasedin orbit canbe wheel-shape@dndrotatedto produceartificial gravity by the centrifugal
(centripetalforce. Choosethe healthiesgravity youwant. Earth-normabravity maybeneededor good
healthfor long-termstays.

¢ A habitatbasedn orbit hasaccesso sunshine24 hours/dayNo nights.Cropscangrow fasterby varying
sun(but not sunlit 24 hours/daysincemary plantsneednights,but opening/closingunshadesr mirrors
for optimal sunlit periods) for moreeconomicabutputper unit of habitatandtime. Yearroundgrowing
season.Orbit-basechabitatswill be very green,glassystructureswith somevery exciting architectural
andrecreationafeaturesjncludingareador humanflight.

e Productsandservicedor sellingto Eartheconomiesvill be manufcturedandassembledh orbital space,
and operatedhere. So, the sulurbsin spacewill be locatedwherethe demandis, namely next to the
factorieslike it or not. (Why the manufcturingfacilitieswill belocatedin orbital spacansteadof onthe
Moonis discussealsavhere.)

Therewill eventuallybesettlement®n otherplanetsaswell, astherewill beall kindsof peoplewith diverse
preferencedhut settlementsn otherplanetsandmoonswill befeasibleonly afterwe have settlementén orbital
spaceandthe economicsupportandphysicalinfrastructureo supportthem.

4.1 SpaceSettlements— How Realisticin Our Near Future?

Certainly more realistic than most peoplerealize. Reason:large spacehabitatswill not be blastedup from
Earth. Instead,we will usematerialsalreadyin spaceto make them,i.e., materialfrom asteroidsnearEarth
and/orthe Moon. After all, whenthe settlersof Americacame,they didn't bring their bricks, cement,wood
andall their neededood with them. As reportedin numerousengineeringpapersandreports,we can utilize
constructionmaterialsderived from Earth-crossin@steroidsand/orthe lunar surfaceas constructionmaterials
to make habitatsandlarge, valuablespaceproductsfor usein orbit aroundEarth,asdiscussedn othersections.
The 20th centuryhasbeenrevolutionarybeyond the greatestmaginations.Now, we arepoisedfor another
greatleap. Oxygenfor habitatsis alundant— lunar soil averages42% oxygen, chemicallyboundassilicon
dioxide and metal oxides(just like the dirt underyour feet). The oxygencanbe extractedusing simple solar
ovens.AsteroidsnearEartharerich in all life elementsasarecertainpermanenthshadevedlunarpolarcraters.
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Agriculture would benefitfrom 24 hour sunlightin orbit, no unwantedinsectpests,no pesticidesandper
fectly controlledweather Many kindsof peoplewill be neededhere— notjustengineerstechniciansandrobot
teleoperatordyut alsoadministratorsgooks,agronomistsgoctors hursessociologistsfactoryandconstruction
laborers,cleaners,.. andreliable peoplewho just do the diverseodd jobs that needto be done. It will be a
business-friendatmosphereThemostimportantskills neededaretheability to getalongwith otherspositively,
aresourcefulcan-doattitude,andawillingnessto do without mary corvenienceghatonewould have on Earth
duringtheinitial yearsin spacelt maybe awhile beforeDominoesor PizzaHut deliver a pizza.

Huge, spacioushabitatsand colonieswill be locatedin orbits aroundEarth, and small outpostswill be
maintainedat nearEarth asteroidsbeing mined, maybeas far away as Mars’ two asteroidalmoons. Oneor
more lunar basesmay alsobe operatedo supplythe orbital manufcturingfacilities with semi-rav materials.
The wheelcolory is what PERMANENT calls a “secondgeneration’spacecolory. “First generation”space
colonieswill mostfrequentlybe madefrom spentfuel tanksandtunneled-irhabitatson asteroidsandthe Moon
andwill bemuchsmallerthanthewheelcolory; whereasthird generation’spacecolonieswill bemuchlarger
thanthewheelcolory.

4.2 Ecologicallssuesand CELSS

To date,whenhumanshave goneto spacethey have broughtwith themall the air they neededo breathetheir
waterandtheir food. All wastescreatedwere eitherflushedinto spaceor returnedto Earthin their original
form. (The waterastronautsirank was often a byproductof electric power generatiorby chemicalmeans-
hydrogen-oxygeriuel cells.) Gaseousvasteswerereg/cled by machines- carbondioxide was processedo
produceoxygen,by “physical-chemical’processes.

In orderto becomeself-suficient in space- independentrom Earth— we will needto grow our own food
in space We canusemachinedo regycle urineandwatervaporin theair to producedrinkablewater but it will
eventually becomemore desirableand economicalto regycle our humanwastesnaturally ratherthanonly by
machinesandto do sonaturallyin conjunctionwith food production.Machineswould be usedonly to sterilize
andpurify waterthathasalreadybeencycledthroughthe artificial biosphere.

On Earth,animalsbreathein oxygen(O2) from the air and breatheout carbondioxide (CO2) asa waste.
Plantsabsorbthis carbondioxide from the air, andusingthe enegy of sunlightplus waterand materialsfrom
the soil andair producesugar starchandotherthings— basedon a processcalled photosynthesisPlantsemit
oxygenasawaste.Thatcompletegheanimal-plantycle. In this cyclic manneranimalsandplantsaremutually
dependentiponeachother Plantsproducebothfood andoxygenfor animals.In turn, animalsproducecarbon
dioxidefor plants.In addition,animalsproduceexcrementwastesvhich enrichthe soil. Deadplantsalsoenrich
the soil andarenot wasted.This naturalcycle canbe movedto spacejn wholeor in part.

Early experimentsn the 1950sand 1960sfocussedn regycling air usingalgae,not food crops. Flat tanks
of algaewere put underartificial light in orderto absorbcarbondioxide that humanshad exhaledin closed
chambersand emittedthe oxygenfor the humango breathe.It wasfound that eachhumanrequiredabout8
squaremetersof algaefor equilibrium. (The algaetankswere generallystacled as shelhes so that they took
muchlessthan8 squaremetersof floor space.More recentresearcthasexpandedhis to includeproductionof
ediblefood, andregycling of humanexcrementwastesanddeadplantwastesn thefood cycle.

In the early yearsof spacecolonization,we will usea combinationof naturalsystemsand machines.We
canalwaysimport pure oxygenandwaterfrom asteroidaimaterials,aswell ascarbondioxide if we wish. It's
not necessaryo producea completelyclosedsystem.However, it is importantto maintainhealthyandhighly
productve crops,which requireswastemanagemenand regycling skills. The technologiesequiredmay be
brokendown asfollows:

e Exchangef oxygenandcarbondioxide betweerplantsandanimals(akaair revitalization)
¢ Productionof food (akaedibleproductproduction)
e Breakdovn of humanwastegakawastevatertreatment)

e Compostingof plantwastes
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e Purificationof waterfor drinking

e Eliminationof pollutantsfrom air

This field of study— regeneratie life supportsystems- is called“Controlled EcologicalLife SupportSys-
tems(CELSS)” (also called Closed... insteadof Controlled... though*“closed” is probablynot attainablefor
awhile). Thereis a wealth of informationfrom variousinstitutionsaroundthe world on this topic, including
papergresentedt conferenceslealingwith lunarandasteroidamaterialsutilization.

In somecircles,theword “biosphere”is usedinsteadof CELSSto referto large closedsystems.However,
just asfrequently the word biosphererefersto Earthor oneof Earths ecosystemsot to spacebasedCELSS
systems. For example,if you searchdatabase$or the word “biosphere”you will geta lot of hits on remote
sensingof the ervironmenton Earthby NASA satellites andthe Missionto PlanetEarth(MTPE) program.But
you will alsogethits on Biosphere2, Bios-3,andBiospherel, all CELSSexperimentsfor spacecolonization.
A betterdatabassearchword is “CELSS” (for ControlledEcologicalLife SupportSystems.. or alternatvely
ClosedEcologicalLife SupportSystems).

4.3 NASA BioHome

In 1989,NASA completeda smallfacility calledBioHome, which integrated“biogeneratie” componentgor
regycling air, waterandnutrientsfrom humanwastes- into a single,integratedhabitat. Maximum air closure
was achieved, and experimentswere begun, which continueto date. A little larger thana mobile home,the
facility putliving quarteran acompartmenbesidethe cropsandwasteprocessindacilities, circulatingair and
waterbetweerthem. Drinkablewaterwastakenfrom air condensate.

The facility initially focussedon wastavater treatment. Aquatic and semi-aquatiglantsknown for their
ability to processavagewerestudied. Thesewerenot edibleplants,but wereinsteadaquaticandsemi-aquatic
plantschosenrfor their history in makingexcellentcompostmaterialfor food plants,after they grow basedon
the savage.After growing to a certainsize,they arehanested cleanedandcompostedThis composthasbeen
usedasa completegrowth mediafor tomatoessoighum, corn, potatoescucumbersand squash.The facility
grew edibleplants,thoughthatinformationwasnot availableon theweb at the time of this writing.

PVC pipesslowly moved sevagedownstream. The pipeshadholescut in themin which the plantswere
emplaced. Experimentsmeasuredhe effectivenessof several plants, eachof which can utilize raw human
sevageasacompletegrovth media.Samplef the waterweretakenat differentpointsin theflow andstudied.
In the end, the effluent waterflowed throughan ultraviolet unit to assurecompletekill of all microoganisms,
especiallythosepathogenido humans.This waterwasthensuitablefor usein toiletsandwateringplants.

Drinking watercamefrom condensatéom theair (e.g., dehumidifierandair conditionercondensate)yhich
wasalsodisinfectedby ultraviolet equipment.The plantleaves emittedquite amplesuppliesof watervapors.
It wasalsofoundthatthe plantspurified the air of mary manmadesubstancesuchasformaldehydebenzene,
tolueneandotherundesirablerganics.Foliageplantswereplacedthroughouthe living quarterdor absorbing
thegasedrom the newly constructedandfurnishedfacility.

4.4 RussianCELSS Studies

The Russiansvere the initial pioneersinto the field of CELSS.The conceptstartedwith the greatvisionary
KonstantinTsiolkovsky, andthe moredetailedanalyse®f biospheredy V.I. Vernadsk advancedhis scientific
field. Thefirst experimentdnto closed unmannedcosystemsereperformedoy the Russiangn the 1950sand
1960s.Thiswork expandedculminatingin themannedclosedBios-3facility, a 315 cubicmeterhabitatlocated
atthe Instituteof Biophysics Krasngyarsk,Siberia.

Thefirst sealednannedexperimentoccurredn 1965whenalgaewasusedto reg/cle air breathedy humans
in aclosedfacility in Krasngarsk,Siberia. The algaewaschlorella(a photosynthesizingnicellularorganism).
It absorbedhe carbondioxide thatthe humansbreathedut andreplenishedhe air with oxygen. The culture
of chlorellawascultivatedunderartificial light, needingeight squaremetersof exposedchlorellaperhumanto
achieve a balanceof oxygenandcarbondioxide. However, the waterandnutrientswerestoredin advance,and
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Figure5: Biosphere2 — OracleArizona

work startedinto regycling thoseaswell. By 1968,the overall systemefficiengy hadbeenraisedto 80-85%by
reg/cling waterandothergases.

Next, theRussianstartedaddingregeneratie food cropsto thesysteme.g., wheatandvegetablesTheBios-
3facility hasconductegnumberof longdurationtwo-peopleandthree-peopl€ELSSexperiments Crenshave
inhabitedthe sealedfacility for periodsof up to six months. Their only contactwith the outsideworld wasvia
telephonetelevision andthe windows. Bios-3is divided into four equalquarters. One quarterprovidesthe
housingfor the crew — threesingle cabins,a kitchen, a toilet, anda control room with variousequipmentfor
food processingmeasurementsndrepairs,aswell assystemdor additionalpurificationof air andwaterwhen
necessary The otherthreequartersof the facility are wherethe wheat,vegetablesand otherfood plantsare
grown, aswell asthe culturesof chlorella. The crawvs plantthefood, cultivateit, andhanestit — managinghe
entiresystemandprocessinghe hanest. In theseexperimentspaturalair andwaterregycling metmostof the
crew’s needsandthe cropsproducecdbver 50% of thefood need<of thecrews.

Notably the plantscould not clearall the excessorganic gaseougmissionsand a thermo-catalytidilter
wasemplo/edto achieve this. Drinking waterwasadditionallypurified by ion-exchangsfilters. Waterfor other
useswassimply boiled. “Crew who stayedinside the comple for six months,did not manifestary signsof
deterioratiorto their health,includingno harmfuleffectsto the microfloraof their skinandmucousmembranes,
nor the contractionsof ary allelgies from contactwith the plants. Testsalso reveal that the air, water and
vegetablepartsof thefood did notlosetheir qualitieswhile insidethecomple.” (ref: Gitelson)

Oneof themainchallengefiasbeenachieving equilibriumof theecosystenandahigherdegreeof autonomy
—humaninteractionin the systemhasbeencritical to the healthof the systemandwe haven't comecloseto an
autonomousystem.Anotherchallengés creatingandmaintaininga sufiiciently diverseandefficient collection
of plantspeciecapableof supplyingman’s nutritionalneedswhile alsoregycling all of man’s excretions.

4.5 Biosphere2

“Biosphere2” is awell known experimentalcomplex (thanksto their public relationsefforts) with a closedeco-
logical system.Fundedby Texasmultimillionaire Edward P. Bass,SpaceBiosphered/entureshuilt anairlock-
sealedchabitatin Arizona,USA, initially stocledwith over 3000speciegsincenobodycouldpredictwhichones
would survive asfood chainsevolved) - food producingandother plants,fish, trees,etc.,anda crew of eight
people.lt is thelargestclosedecologicalsystemever built, at2.3acres about13,000squaremeters.n Mission
1, thefacility wasclosedandsealedandthe crew livedinsidefor two yearsfrom 1991to 1993.
Biospherewasheaily instrumentedor researchsafetyandoperationgnanagementyith over 2000points
of datacollection. The3000speciesvereseparatethto severaldifferentminiaturizedbiomesbasedn different
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earthecosystemdand systemgangingfrom rain forestto desert,and marinesystemsangingfrom marshto
coralreef. The diet wasnutritiousanddiverse,utilizing over 80 cropsalongwith goats milk, eggsandsome
animal meat,with averagedaily caloric intake of approximately2200 calories,including 70 gramsof protein
and32 gramsof fat.

Thereweresomesmallleaksin thefacility, but air exchangewvaskeptto lessthan10%peryear In thesecond
year the oxygenlevel hit alow point (14%, ascomparedo 20%in earths atmosphereand carbondioxide a
high pointin thewinter (9.5 hoursof sunshinefdueto lesssunlightplusunusuakloudinessiueto an“El Nino”
weatherevent in the region that year (the cloudiestwinter in more than 50 years— worst casescenariobad
luck!). Thecarbondioxide level variedbetweenl000partsper million (ppm)in Junel992(14 hourssunshine)
and 2700 ppmin Decemberl991,with sunry daily/nite fluctuationson summerdaysresultingin 600 to 800
ppm changes(In the continuoussunshineof orbit, exchangingcarbondioxide andoxygenbetweerplantsand
animalsshouldnt bea problemat all, with mirror controlsincreasingeitherto ary reasonabléevel. Of course,
theres plenty of oxygenin thedirt of the Moon andasteroidsandplenty of carbonin asteroidsbut it would be
niceto have anaturallybalan

After aninitial shakingout of somespeciesthe ecosystenteacheda fairly stableoverall equilibriumwith
carefulhumanmanagementThe facility produced0% of the cren’'s dietaryneedsover this time. (With more
sunshinen spacefood self-suficiengy shouldbe readily attainable.)Most of the other 10% camefrom foods
grown in thefacility beforethe crew arrived, andfrom seedstock. (Therewasalsosomefudging, asdiscussed
in amoment.)Many lessonswverelearnedaboutmanaginga small closedecologicalsystemin Mission1, and
therewereproposedhangesn the speciesstockingin preparatiorfor a Mission 2. Facility sealingto give an
air leakageof just 1% peryearwasanticipatedor Mission 2.

As one of the live-in researchersvrote: “As we prepareto eventually testand deplgy preliminary small
biologicallife-supportsystemsn spaceandthenmaove onto biosphericsystemsconstructef space-aailable
materialswe mayfeel constrainedy thelimitationsandrequirementsvhich life systemsmpose.But we may
also be surprised,as we have beenin Biosphere2, by the adaptabilityof natureand by its resourcefulself-
organizationinto viable systems.As we createmini-worlds for spaceexplorationand habitation,the prospect
beclonsthatwe will createa profusionof nev andbeautifulworlds never beforeseenon Earth. And asthese
worlds maturein their uniquemetaboliclinkages? we canexpectthatwe andthey will continueto adaptand
evolve in responsé. (Ref: Princetonconferencédoelow)

A goodreportentitled“Biosphere2 andlts Lessondor Long-DurationSpaceHabitats” (ref.) wasgivenat
the SSI/AIAA Princetonconferencen 1993. A vasthbibliographyof papersandbookson “biospherics”is given
atthe WWW homesite of the managersvho worked on thisinitial Biosphere.

However, a Mission 2 will apparentlynever happenin Biosphere2, andindeed,Biosphere2 hasheenre-
treatinginto oblivion asregardsapplicationto spacehabitats Its financierhasapparentlyreactedo criticism by
not only changingthe managemeniut alsochangedhe purposeof Biosphere2 alongthelines of interestof a
new joint venture.

4.5.1 What Happened?

During the courseof Mission 1, the managementof Biosphere? installeda carbondioxide scrubberandalso
providedsomesuppliesfrom the outsidewithout reportingtheseactionsto outsidersobserers. To make matters
worse,two of the managergook a defensye stancewhen criticismswereraisedregardingthe degreeof self-
sufiiciengy andthelofty claimsof the project. (We're not surewhetherit wasdishonesor misleadingactions.)
It would have beenunderstandablé&hougha little bit disappointing)f the managerdiadreportedunforeseen
problemswith Mission 1 andreportedthe measureshey haddecidedo take. If they hadbeenopen,the project
would have beenseenasa greatlearningexperienceneverthelessthoughnot a completesuccessSurely some
journalistsandegotisticalscientistsvould still have taken shotsand soughthigh profile publicity by criticisms
in ary case put it would not have beensuchsensationatriticism, andtherewould have beenduerespecby the
low key portion of the scientificresearclcommunitywhich truly matters. Therealmostcertainlywould have
beena Mission 2 basedn thelessonf Mission 1.

Instead the presshadenoughjustificationto engagén afeedingfrenzy UnderstandhatbeforeMission1,
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the presshuilt up Biosphere2 asoneof the greatesbngoingprojectson Earth,e.g.,Discover magazinecalled
it “the mostexciting scientificprojectundertaknin the U.S. sincePresidenKennedylaunchedus toward the
Moon”, andPhil Donahuedid alive on-sitebroadcastcalling it “one of the mostambitiousman-madeprojects
ever”. Oncesomethingbecomeghatfamous,it attractsegotistical journalistsand upwardly mobile scientists
who rely on criticisms of othersto raisethemseles up - the biggerthe tamget, the greaterthe benefitto ones
selfif they canlanda valid punch. Beforelong, practicallynobodywould defendthe elementof Biosphere2
thatwereworth appreciatingandthe storiesfocusedonly on its misgwings. Indeed thefocusquickly migrated
to sensationaljuicy personaimatterse.g.,characterizinghe groupasa cult. In termsof sociopoliticaltrends,
Biosphere2 hadg

Whenthe above issueswvereraised,the scientificmerit of the projectalsocameundera mediamicroscope.
While the project collectedvaluablescientific dataand practical experience,it was never setup asa proper
scientificlaboratoryaccordingto certainstandards(Indeed,it’s difficult to take on sucha large and comple
taskasBiosphere2 with a nearterm scheduleandstick to the stringentscientificstandardef academiandthe
slow, one stepat a time processof exact science.) Whenthe projects opennesand honestywas calledinto
questionthevalueaswell astheintegrity of the scientificdatawasalsocalledinto questionby someelements
of thepopularsciencemediaaswell ashardsciencemediaanalysts.

In orderto dealwith this overwhelmingpressurenddramatidossof face thefinancierof SpaceBiospheres
Venturedired the managementf Mission 1 andreplacedt with highly respectedcientistsof the mostimpec-
cablecredentials After almosttwo years,a differentprojecthadtakenalife of its own, albeitmuchdrier, less
ambitiousandlower profile. Thelaterprojectbenefittedrom the publicity andsupportof theformerproject,but
without the correspondin@mbitionandrisk. Accordingto a pressreleaseny ColumbiaUniversity Biosphere
2 startedworking closelywith ColumbiaUniversity’s Lamont-DohertyEarth Obsenratory in 1994, one of the
world’s leadinginstitutionson studyingEarth’s complex systemsin ajoint venturenamedBiosphere2 Science
Consortiumwhichincludedscientistdrom mary leadinguniversitiesandinstitutionsaroundthe world. For ex-
ample,scientistdrom Harvard, Yale, Stanfordand AustralianNationaluniversities the Smithsoniarnstitution
andothershave beenworking aspart of the consortiumon issuesrangingfrom biogeochemistryo ecology (I
don't know wheretheincomefor all this camefrom, but they areapparentlypulling it in.)

In late 1995, Biospheres entrepreneuridbacler, Edward P. Bass,announcea 5 yearagreemento extend
thisjoint venturewherebyLamont-DohertynanagesnddirectstheBiospheres scientific,educationalandvisi-
torscenteroperationsandwill sharerightsto thecommerciabpplicationof all new technologiesndinventions.
TheBiosphere2 WWW homepageis quitenice. Thepurposeof thefacility is nolongerhabitatsor spaceputis
for studyingearths ecosystemsTherewill beno moresealedmissionsof peopleinsidethe habitat,andthework
doesnotlook directly applicableto spacehabitatsany more. SpaceBiosphereventuress out, andBiosphere2
ScienceConsortiumis in.

5 Artificial Gravity and the Effects of Zero Gravity on Humans

Zerogravity hasmary effectson the humanbody someof which leadto significanthealthconcernslt is clear
thatit would be muchhealthierfor crews to provide artificial gravity for long durationspacehabitation. This
meangotatingthe habitatto produceartificial gravity by the centrifugal(centripetalforce. Deleteriouseffects
of zerogravity on astronauts¢o datearewell documentedBecausehisis along topic, anda topic of frequent
inquiry, we have starteda separatpage—the PERMANENT pageon the adwerseeffectsof weightlessness.

Oneissueregardingspacesettiementsotatingfor artificial gravity is the beginning of the “comfort zone”
asregardstheradiusof therotatingstructure.For example,if we wantto connectwo fuel tanksby a cableand
rotatethemto produceartificial gravity asstrongasEarth’s gravity, how far shouldwe put themapart? Some
peopleaskhow muchatrtificial gravity we needin orderto stayhealthyandlive in spaceor therestof ourlives.
We couldassumezarth-normagravity anddesignaccordingly but lessmightbefoundto beacceptableTheres
literatureon this but it's not coveredhereyet.

For very small habitats rotatingthemto produceartificial gravity resultsin somevery noticible differences
with realgravity dueto the coriolis effect. Whenyou drop an object,it doesnot fall straightnow, but falls by a
curve (accordingto the perspectie of the personinsidethe rotatinghabitat). Likewise for objectsbouncingup.
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Whenyou standup, yourupperbodywill find itself significantlyleanedoverif youarein asmallhabitatrotating
fast. For larger habitats theseeffectsarediluted to wherethey arehumanlyunnoticable.If we wantartificial
gravity in spacecrafbr small habitats(includingindustrialones)andstrive for a mosteconomicaldesign,then
we needto understandhe significanceof rotationon humans.The analogyto the comfortof sailorson shipsat
seais appropriateLarge, steelhulled shipsaremorecomfortablethansmall, fiberglasshulled ships.

Basedon experimentson peoplein centrifugesandslow rotationrooms, it appearghatthe minimumradius
for an artificial gravity habitatis about20 meters(i.e., diameter40 meters). This is not very long. Secondly
the maximumrotationrateappearso bearound4 revolutionsperminute. If agravity of aboutonethird Earths
is permissablethena shortradiushabitatmay be comfortable. The main reasorfor lowering radiuswould be
simply economicsn anearlyspacehabitatin thatlowerradiusmeandessmaterialneededincludingdesigngor
stress.However, in a scenariausingasteroidabr lunar materialwherebythe costsof materialin orbit is much
lower, we will probablyoptfor largerhabitatsandperhapsvenEarth-normabravity.

Therearenumerougechnicaldesigngor small spacecrafvith artificial gravity, e.g., for missionsto Mars.
Spacestationsin low Earthorbit to datehave not usedartificial gravity for severalreasons:sothatthey could
be smallerand cheapermary of the experimentsto be conductedy the stationwerein microgravity (where
gravity is undesirable)anddockingsystemsaresimplerwhenthe stationis not rotating. For connectingspent
fuel tanksto producea spacestationsituatedin orbit, we canjust put along cablebetweerthemandrotatethe
structure.Peoplein spacewill startto move away from anentirely“up vs. down” senseof referenceandstart
to integratethe circularelementsnto their frameof referenceasopposedo rectangulaelementson Earth.

5.1 Atrtificial Gravity and the Comfort Zone

“Much of theresearchnto the humanfactorsof rotatinghabitatsis twenty or thirty yearsold. Sincethe 1960s,
several authorshave publishedguidelinesfor comfortin artificial gravity, including graphsof the hypothetical
“comfort zone”. The zoneis boundedby valuesof accelerationhead-to-footacceleratiorgradient,rotation
rate,andtangentialvelocity. Individually, thesegraphsdepictthe comfortboundariesasprecisemathematical
functions. Only when studiedcollectvely do they reveal the uncertainties.“With regardto the rotationrate,
perhapghe mostenlighteningcommentaryon humanadaptatiorwaspublishedby Graybielin 1977[30]:

In brief, at 1.0 RPM evenhighly susceptiblesubjectsveresymptom-freepr nearlyso. At 3.0RPM subjects
experiencedymptomsbut werenotsignificantlyhandicappedAt 5.4RPM, only subjectswith low susceptibility
performedwell and by the secondday were almostfree from symptoms. At 10 RPM, however, adaptation
presented challengingout interestingproblem.Even pilots without a history of air sicknesslid not fully adapt
in aperiodof twelve days.“The comfortgraphsdescribedbore aresuccincsummarie®f abstractnathematical
relationshipshut they do nothingto convey thelook andfeel of artificial gravity. Consequenththerehasbeena
tendeng in mary designconceptgo treatary pointwithin thecomfortzoneas“essentiallyterrestrial”,although
thathasnot beenthe criterionfor definingthe zone. The definingcriterion hasbeen“mitigation of symptoms”,
andauthorsdiffer asto theboundarywaluesthatsatisfyit. This suggestshatthe comfortboundariesarefuzzier
thanthe individual studiesimply. Comfort may be influencedby taskrequirementsand ervironmentaldesign
consideration®eyondthe basicrotationalparameters.

“Perhapsa more intuitive way to compareartificial-gravity ernvironmentswith eachotheraswell aswith
Earthis to obsere the behaior of free-falling objects.Figurel shavs, for Earth-normapgravity, thetrajectory
of aball whenlaunchedrom thefloor with aninitial velocity of 2 metergpersecondandwhendroppedrom an
initial heightof 2 meters.Of course pothtrajectoriesarestraightup anddown. The“hop” reaches maximum
heightof 0.204metersjndicatedby ashorthorizontalline. The“drop” is markedby dotsat0.1-secondhtenals.
In anartificial gravity systemgtheball trajectoryis not straightup anddown, but curvesrelative to the obsenrer.
Thelargerthe habitat,or thelongerthe cablein atetherechabitat,thelesscune thereis.
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Figure6: In thisfigure,thefive “hop anddrop” diagramscorrespondo five differentsizesof habitatandratesof
rotation,correspondingo a typical comfortchartfor artificial gravity, afterthatof Hill and Schnitzer- onefor
eachboundarypoint of thecomfortzone.Thetwisting of the free-fall trajectoriesn artificial gravity revealsthe
distortionof the gravity itself.
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5.2 How much artificial gravity do we need?

Many researcherthink thatone-thirdEarth-normapgravity is sufficientto preventpracticallyall the significant
biological changesassociatedvith zero gravity. However, we don't know for surebecausene haven't put
humansinto artificial gravity situationsand studiedthe effects. What we do know for sureis that artificial
gravity preventsphysiologicalkchangesssociateavith zerogravity. Humansadaptvery well to space However,
theres alot wedon't know aboutthelongtermeffectsof weightlessnessn humansWe can,however, eliminate
thatconcerrentirely by usingartificial gravity with rotatingspacehabitats.

5.3 Adverseeffectsof weightlessness

Theentirefollowing text is extractedfrom a paperby Dr. TheodoreW. Hall entitled“Artificial Gravity andthe
Architectureof Orbital Habitats”,andis Copyright 1997by TheodoreéWw. Hall, All RightsResered. Reprinted
by PERMANENTwith permission:‘It isironic that,having goneto greatexpenseo escapdarthgravity, it may
benecessaryo incur the additionalexpenseof simulatinggravity in orbit. Beforeoptingfor artificial gravity, it
is worth reviewing the consequencesf long-termexposureto weightlessness.

1. fluid redistritution: Bodily fluids shift from thelower extremitiestowardthehead.This precipitatesnary
of the problemsdescribedelow.

2. fluid loss: Thebraininterpretsheincreaseof fluid in thecephalicareaasanincreasen total fluid volume.
In responseit activatesexcretorymechanismsThis compoundgalciumlossandbonedemineralization.
Blood volume may decreasdy 10 percent,which contritutesto cardiosasculardeconditioning. Space
crev membersnustbewareof dehydration.

3. electrolyteimbalances:Changesn fluid distribution leadto imbalancesn potassiumand sodiumand
disturbtheautonomiaegulatorysystem.

4. cardiovascularchangesAn increaseof fluid in thethoracicarealeadsinitially to increasen left ventric-
ular volumeandcardiacoutput. As the body seeksa new equilibrium, fluid is excreted theleft ventricle
shrinksandcardiacoutputdecreasesUponreturnto gravity, fluid is pulled backinto the lower extrem-
ities and cardiacoutputfalls to subnormalevels. It maytake severalweeksfor fluid volume, peripheral
resistancegardiacsizeandcardiacoutputto returnto normal.

5. redbloodcellloss: Blood samplesakenbeforeandafter AmericanandSoviet flights have indicatedaloss
of asmuchas0.5liters of red blood cells. Scientistsareinvestigatingthe possibility thatweightlessness
causesa changein splenicfunction that resultsin prematuredestructionof red blood cells. In animal
studiesthereis someevidenceof lossthroughmicrohemorrhageim muscletissueaswell.

6. muscledamageMusclesatrophyfrom lack of use.Contractileproteinsarelostandtissueshrinks.Muscle
lossmaybeaccompaniethy a changein muscletype: ratsexposedio weightlessnesshav anincreasén
theamountof “f ast-twitch”white fiberrelatve to thebulkier “slow-twitch” redfiber. In 1987 ratsexposed
to 12.5daysof weightlessnesshavedalossof 40 percenbf theirmusclemassand“seriousdamage’in 4
to 7 percenif their musclefibers. The affectedfiberswereswollen andhadbeeninvadedby white blood
cells. Bloodvesselfiadbrokenandredbloodcellshadenteredhe muscle.Half themuscleshaddamaged
nene endings.The damagemay have resultedfrom factorsotherthansimpledisusejn particular:stress,
poor nutrition, andreducedcirculation— all of which are compoundedy weightlessnessandradiation
exposure-whichis independenvf weightlessness hereis concerrthatdamagedloodsupplyto muscle
may adwerselyaffect theblood supplyto boneaswell.

7. bonedamage:Bonetissueis depositedvhereneededandresorbedwvherenot needed. This processs
regulatedby the piezoelectridbehaior of bonetissueunderstress.Becausehe mechanicalemandon
bonesaregreatlyreducedn micro gravity, they essentiallydissohe. While corticalbonemayregenerate,
lossof trabeculabonemaybeirreversible.Diet andexercisehave beenonly partially effective in reducing
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the damage. Short periodsof high-load strengthtraining may be more effective thanlong endurance
exerciseon the treadmillsandbicyclescommonlyusedin orbit. Evidencesuggestshatthe lossoccurs
primarily in the weight-bearingoonesof the legs andspine.Non-weight-bearindpones suchasthe skull
andfingers,do not seento beaffected.

. hypercalcemiaFluid lossandbonedemineralizatiorconspireto increasehe concentratiorof calciumin

theblood,with a consequenincreasen therisk of developingurinarystones.

. immunesystenchangesThereis anincreasen neutrophilconcentrationgdecreasesm eosinophilsmono-

cytesandB-cells, arise in steroidhormonesand damageto T-cells. In 1983 aboardSpacelald, when
humanlymphogte cultureswereexposedin vitro to concansgalin A, the T-cellswereactivatedat only 3
percentof the rate of similarly treatedcultureson Earth. Lossof T-cell function may hamperthe body’s
resistancéo cancer a dangerexacerbatedby the high-radiationervironmentof space.

interferencawith medicalproceduresFluid redistrilution affectsthe way drugsaretakenup by the body

with importantconsequence®r spacepharmacologyBacterialcell membrane®ecomethicker andless
permeablereducingthe effectivenessof antibiotics. Spacesuigery will alsobe greatlyaffected: organs
will drift, bloodwill notpool, andtransfusionsvill requiremechanicablssistance.

vertigoandspatialdisorientationWithout a stablegravitationalreferencecrev membersxperiencearbi-

traryandunexpectedcchangedn theirsensef verticality Roomsthatarethoroughlyfamiliarwhenviewed

in oneorientationmay becomeunfamiliar whenviewedfrom adifferentup-davn reference Skylab astro-
nautEd Gibsonreporteda sharptransitionin the familiarity of thewardroomwhenrotatedapproximately
45 degreesrom the“normal” verticalattitudein which he hadtrained. Thereis evidencethat,in adapting
to weightlessnesshe braincomesto rely moreon visual cuesandlesson othersense®f motionor posi-

tion. In orbit, Skylab astronaut$ost the senseof whereobjectswerelocatedrelative to their bodieswhen

they could not actually seethe objects. After returninghome,one of themfell down in his own house
whenthelights wentout unexpectedly

spaceadaptatiorsyndrome:About half of all astronaut&ndcosmonautsreafflicted. Symptomsnclude
nauseayomiting, anoreia, headachanalaisedrowsiness|ethagy, pallorandsweating.Susceptibilityto
Earth-boundnotionsicknessioesnot correlatewith susceptibilityto spacesicknessThesicknessisually
subsidesn 1 to 3 days.

lossof exercisecapacity:This maybedueto decreasedotivationaswell asphysiologicalchangesCos-

monautValeriy Ryuminwrotein his memoirs:“On the ground,[exercise]wasa pleasurehut [in space]
we hadto force oursehesto doit. Besidesheingsimplehardwork, it wasalsoboringandmonotonous.

Weightlessnesalsomakesit clumsy:equipmensuchastreadmills bicyclesandrowing machinegnustbe

festoonedwith restraints.Perspiratiordoesnt drip but simply accumulatesSkylab astronautslescribed
disgustingpoolsof sweathalf aninch deepsloshingaroundon their breastbone<Clothingbecomesatu-
rated.

degradedsenseof smell andtaste: The increaseof fluids in the headcausesstufinesssimilar to a head
cold. Foodstake on an auraof samenesandthereis a craving for spicesandstrongflavoringssuchas
horseradishiustardandtacosauce.

weightloss: Fluid loss,lack of exerciseanddiminishedappetiteresultin weightloss. Spacdravelerstend
notto eatenough.Mealsandexercisemustbe plannedo preventexcessie loss.

flatulence:Digestive gascannot‘rise” toward the mouthandis morelikely to passthroughthe otherend
of the digestve tract— in the wordsof Skylab crevman-doctorJoeKerwin: “very effectively with great
volumeandfrequeng”.

facialdistortion: Thefacebecomepuffy andexpressiondecomdifficult to read ,especiallywhenviewed
sidevaysor upsidedown. Voice pitch andtoneareaffectedandspeechhecomesnorenasal.
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18. changesn postureandstature:Theneutralbody postureapproachethefetal position. The spinetendsto
lengthen Eachof the Skylab astronautgainedaninch or moreof height,which adwerselyaffectedthefit
of their spacesuits.

19. changedn coordination:Earth-normatoordinatiorunconsciouslgompensate®r self-weight.In weight-
lessnesghemusculareffort requiredto reachfor andgrabanobjectis reduced Hence thereis atendeng

to reachtoo “high”.

“Many of thesechangesdo not poseproblemsaslong asthe crev remainsin a weightlesservironment.
Troubleensuesiponthereturnto life with gravity. Therapid deceleratiorduring reentryis especiallystressful
asthe apparengravity grows from zeroto morethanone“g” in a matterof minutes.In 1984, aftera 237-day
mission,Soviet cosmonautgelt thatif they hadstayedn spacenuchlongerthey mightnothave survivedreentry
[3]. In 1987,in thelater stagesof his 326-daymission,Yuri Romanenk washighly fatigued,both physically
andmentally His work daywasreducedo 4.5 hourswhile his sleepperiodwasextendedto 9 hoursanddaily
exerciseon a bicycle andtreadmillconsume®.5 hours. At the endof the mission,the Sovietsimplementedhe
unusuabrocedureof sendingup a “safety pilot” to escortRomanenk backto Earth[22].

“Soviet cosmonaut¥/ladimir Titov andMoussaManary broke the one-yeatbarrierwhenthey completed
a 366-daymissionon 21 Decemberl988. SubsequenRussianmissionshave surpassedhat. Theselong-
durationspaceflights are extraordinary They are milestonesof humanendurance.They are not modelsfor
spacecommercializatior.
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