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n Biotechnology a FundamentalPhysics
Understanding the structure of the protein raf kinase is important Making a substance thinner and thinner will eventually change
for cancer research. When grown in microgravity (top), the protein the properties of the material. This is called the finite size effect
forms long, thin crystals that are approximately an order of magni- and is an important area of study for physicists. This effect is
rude larger than the small, needle-like crystals grown on Earth best studied in microgravity using liquid helium. Data obtained
(bottom). Large, uniform crystals generally yield better structural in ground-based studies (bottom) show a helium sample's ability
information when analyzed through X-ray diffraction, which in to retain heat and suggest that the level of heat retention is much
turn can lead to a better understanding of how the structure of a

lower than it actually is. This is because gravity makes it impos-protein is related to its function in the human body.
sible to reach the region dominated by finite size effects.

FI CombustionScience Measurements made in microgravity (top), show a much higher
Research on flame spread across pools of liquid fuel reveals level of heat retention. The filled circles in the graphs represent
numerous differences in flame spread behavior in microgravity measurements above the superfluid transition in helium. The
when compared with ground-based experiments. In microgravity open circles represent measurements below the transition. The
(top), flame spread is much slower and steadier than in Earth's super fluid transition in helium is analogous to the superconducting
gravity, and much of the flame is dimmer with no apparent soot transition in other materials.
or plume. In Earth's gravity (bottom), the flame spread has a

andtheflameadvancesina fast/slowperiodic D MaterJa]s Sciencepulsating character,

motion. The effect of buoyancy in the gas phase of the normal- Theories of coarsening in solid-liquid mixtures dictate that the
gravity sample can be seen in the soot-filled plume that develops
in the trailing portion of the flame, larger particles in such a mixture will grow at the expense of the

smaller particles, which decrease in size, while the total number of

FluidPhysics particles in the mixture decreases. This phenomenon occurs inmetallurgical systems, such as the high-temperature materials
In Earth's gravity, when a stream of liquid emitted from a down-
ward pointing nozzle is perturbed at a given frequency, the used in turbine blades, and degrades the strength of alloys.
stream begins to waver, creating wave-like undulations at the Researchers studying coarsening behavior in microgravity are able
surface. The 1 g photo (bottom) shows the undulations in a stream to greatly reduce the effects of gravity, which causes sedimentation
of silicon oil. Generally, this process occurs in microgravity as to occur in ground-based studies. In the cross section photos of
well; however, for low enough flow rates in microgravity, an samples containing tin particles, sedimentation is evident in the
absolute instability occurs in which streaming ceases altogether, ground-based study (bottom), where all of the tin particles have
This absolute instability is shown by the growing drop of liquid in risen to the top of the sample; in the microgravity sample (top),
the microgravity sample (top). The liquids in both photos are the particles are evenly dispersed.
flowing at the same low rate. A theory has been developed to predict
when this absolute instability will occur for any given fluid; the
theory can be used for jet stream applications in space.
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ProgramGoalsforFY1998 researchin the fivemicrogravity disciplines(biotechnology,com-
bustionscience, fluid physics, fundamental physics, and materials

To use tke microgravity environment of space as a tool to science), and work conducted on behalf of the MRP's acceleration

advance/(nowledge," to use space as a laboratory to explore tke measurement, glovebox, and technology programs, are managed
nature of physical phenomena contributing to progress in science by the MRPO and implemented at the following NASA centers:

and tecknology on Eartk; and to study tke role of gravity in teck- the Jet Propulsion Laboratory in Pasadena, California, which

nological processes, building a scientific foundation for under- oversees investigations in fundamental physics and is responsible

standing tke consequences of gravitational environments beyond for microgravity advanced technology development and transfer
Earth's boundaries, activities; Johnson Space Center in Houston, Texas, which

manages the cell and tissue culture portion of the biotechnology
-- From tke Microgravity Researck Program's Mission Statement discipline; Glenn Research Center in Cleveland, Ohio, which

Marshall Space Flight Center (MSFC), located in Huntsville, supervisesstudies in the combustion scienceand fluid physicsdisci-
Alabama, serves as NASA's lead center for the Microgravity plines as well as microgravity measurement and analysis support
Research Program (MRP). To support that work, MSFC's services for all the microgravity science disciplines; and MSFC,
Microgravity Research Program Office (MRPO) is responsible which, in addition to serving as NASA's lead center for the MRP,
for advancing the microgravity mission through the coordination manages studies in the biotechnology and materials science disci-
of microgravity science research at other NASA field centers, at plines and is responsible for the microgravity glovebox program.
universities, and with industry partners. Basic and applied The MRP'sgoals for fiscal year (FY) 1998are listed below:

Sustaina leading-edgeresearchprogram focusedin the
areasof biotechnology,combustionscience,fluid physics,funda-
mentalphysics,and materialssciencethat effectivelyengages
the nationalresearchcommunity.

Foster an interdisciplinarycommunityto promote synergy,
creativity,and valuein carryingout the researchprogram.

Enable research through the development of an appro-
priate infrastructure of ground-based facilities,diagnostic
capabilities,and flight facilities/opportunities,and promote
the use of smaller apparatus.

Promote the exchangeof scientificknowledgeand techno-
logicaladvancesamong academic,governmental,and industrial
communities.Disseminateresultsto the general publicand to
educationalinstitutions.

Raise the awareness of the microgravity research community
regarding the long-term direction of the Human Exploration
and Development of Space Enterprise, and discuss with the
community the role of microgravity research in support of
agency objectives.

iii



PerformanceGoals its emphasisin FY 1998to the useof short-duration microgravity
facilities(soundingrockets,KC-135aircraft,drop towersand

While the fiveprogram goalslisted aboveare qualitativeand
program-oriented, the MRP has also developeda set of perfor- tube).This shiftwas made in an effortto maintainthe accessto
mance goalsthat describespecificactivities,methodsfor imple- microgravityenvironmentsneededby researcherswhile the space
mentation, and planned outcomes.In addition toguiding the shuttle,which has beenthe primary vehiclefor performing
progressof the program,these goalswill alsoserveasmeasures, experimentsin microgravity,is engagedinassemblyflightsfor
allowingmore quantitativeevaluationof the program. The per- the ISS.The MRP alsoworked to preparefor the deploymentof
formancegoalswere developedin responseto the generalcall to microgravityfacilitiesto the ISSbydevelopingutilizationplans
reinventgovernmentand the GovernmentPerformanceand and a schedulefor the firstMicrogravityResearchDivision-funded
ResultsAct of 1993,whichdirects agencieswithin the executive researchthat will be conductedon the station.The firstutilization

branch to developcustomer-focusedstrategicplansthat align ofthe ISSfor microgravityexperimentsisscheduledfor early2000.
their activitieswithconcretemissionsand goalsstatements.In FY

1998,the MRP initiated the task of developingperformancegoals ProgramHighlightsinFY1998
that support the MRP's missionstatement.The missionstatement
is as follows: In FY 1998,the MRP continued tosolicitand selectnew

researchproposalsas well assupport ongoingresearchprojects.
• To use the microgravityenvironment of spaceas a tool to

Proposalsfrom the 1997biotechnologyand combustionscience
advanceknowledge. NASA ResearchAnnouncements(NRAs)were selectedfor

• To use spaceas a laboratorytoexplorethe nature of physical funding, and NRAs solicitingproposalsin fluidphysicsand
phenomena,contributing to progressin scienceand technol- materialssciencewere preparedand released.Researchchosen
ogyon Earth. from these NRAswill form the coreof the program at the begin-

• Tostudy therole ofgravityin technologicalprocesses,building ningof the ISSera. The approximately$100.4millionFY 1998

a scientificfoundationfor understandingthe consequencesof researchbudget supported ongoing researchprojectsheadedby
gravitationalenvironmentsbeyondEarth's boundaries. 377principalinvestigators.Resultsfrom theseprojectswere pub-

The MRP'sperformancegoalswere finalizedin FY 1998in lishedin683journal articlesand addressedin 823technicalpresen-
fulfillmentof Congress'mandateand will be used in FY 1999 rations.(Referto the "Introduction" sectionof this report for
and FY 2000to assessthe program's progress.The MRPannual more details.)

report for FY 1999will includeinformationaboutthat assessment. The releaseof the National ResearchCouncil'sreviewof

Annroack microgravityresearchin supportof NASA'sHuman ExplorationProgramB,-i_rp ill

and Developmentof Space(HEDS) Enterpriseconfirmedthat
Tomeetthesegoals,the MRPfocusedinFY 1998onproviding microgravityresearchhasan important role to playin the success

its researcherswith opportunitiesto perform their experimentsin of future explorationmissions.Researchfocusedon developing
microgravityfacilitieson Earth and in space.The fourth United technologiesto support explorationmissionsto the Moonand
StatesMicrogravityPayloadmission(USMP-4), the last sched- Mars continuestobe a priorityof the program. Projectsare
uleddedicated microgravitysciencemissionto be carriedon the

underway in this area,and proposalsaddressingtheseissuesare
spaceshuttle, flewin FY 1998carrying microgravitycombustion

encouragedin recentand upcomingNRAs.
science,fundamental physics,and materials scienceexperiments
onboard.Work was alsocompletedin preparation for STS-95,a Eight microgravityinvestigationswere conductedduring the
multidisciplinaryresearchmissionlaunched in late October 1998 flight of USM'P-4,which was launchedon November 19, 1997.

with astronaut John Glenn aboard. Microgravityexperimentsin This 16-daymissionhostedmicrogravityexperimentsin combus-
biotechnotogyand fluid physicswere selectedto flyon this mis- tion science,fundamentalphysics,and materialsscience.The
sion.FY 1998alsomarked the completionof the last stay of an missionproducedgroundbreaking resultsconcerningthe effects
American astronaut aboard the RussianSpaceStationMir as of confinementon the propertiesof materialsand the firstvideo

part of Phase I of the International SpaceStation(ISS).Phase I imagesof dendrites forming in microgravity.For more details
providedNASA with invaluableexperiencein livingand working about these results,pleaseseethe ConfinedHelium Experiment
for longperiods ina microgravityenvironmentand with the in the "Fundamental Physics"sectionof this report and the
opportunityto gain experiencein carryingout microgravity IsothermalDendriticGrowth Experiment in the "Materials
experimentsin a spacestationlaboratory. Science"section.

In anticipationof the closeof the NASA/Mirprogram and Five microgravityexperimentsin biotechnology,fluid
the last scheduledopportunitiesfor dedicatedmicrogravitymis- physics,and accelerationmeasurementwere prepared for flight
sionson the spaceshuttle for sometime tocome,the MRP shifted on the multidisciplinarymissionSTS-95,which launched inearly

iv



FY 1999.Twoexperiments investigatingthe behaviorof colloidal the strengthand relevanceof its scienceprogram.The following
systems(suspensionsof solidparticlesin a fluid) werepart of the are highlightsof educationand outreach activitiesinFY 1998:
mission.The secondColloidalDisorder-Order Transition

• MicrogravityNews,a quarterly update on NASA's
(CDOT-2)experimentrevealednew informationabout the MicrogravityResearchProgram,reachedincreasingnumbers
physicsof crystallization,and the secondColloidalGelation

of peoplein the past year.The total distributionfor each
(CGEL-2) experiment investigatedthreedifferent kinds of col-

issueof the newslettergrew to over10,300copiesin calendar
loidal systemsto comparetheir behaviorsin microgravity.For

year 1998.
more detailsabout CDOT-2 and CGEL-2, see the "Fluid

Physics"sectionof this report. • Through NASA'sGraduate Student ResearchProgram, 13
graduate students receivedfunding toperform ground-

The NASA/Mirprogram hostedeightexperimentsin basedmicrogravityresearch,supportinga commitment to
biotechnologyin FY 1998.A singleinstrument known as the encouragethe nextgenerationof microgravityresearchers.
Diffusion-ControlledApparatus for Microgravityaccommodated

• Microgravityscienceposters,teacher's guides,mathematics
324protein samplesfor crystallizationduring flight.On the cell briefs,microgravity demonstrator manuals, and supple-
sciencesideof the biotechnologydiscipline,an experiment in mental curricular materials were made availabletomore

which rat renal cellswere cultured helped toverify the function than 39,000elementaryand secondary schoolteachersand
of two new equipment units, a cellincubatorand a refrigerator, administrators in attendance at annual meetings of science,
and helped researcherstobetter understandthe mechanisms technology,and mathematics teachers' associations.
behind the expressionof hormones important in the treatmentof For details on these and other educationand outreach

kidney diseases.For more detailson these and other experiments activities,refer to the "Education and Outreach" portion of
flown onMir, see the "Biotechnology"sectionof this report, this report.

In January 1998,15of the internationalpartners in the
developmentofthe ISSsignednew intergovernmentalagreements
establishinga frameworkfor the assemblyof the ISSover the

next fiveyears.Meetingsof internationalcollaboratorsin the

microgravityprogramsof severalof the participatingnations
were aimed at continuing the work of establishingjoint

developmentand utilizationplansfor microgravityfacilitieson
the station.The group of participants,known as the International

MicrogravityStrategicPlanning Group, will help toensure that
the right capabilitieswill be availablefor performingthe widest

range of experimentson the spacestationwith a minimum of
overlapin facilitydevelopmentbythe individualpartner nations.

The MRP continued its cooperationin FY 1998with other

federal agenciesincluding the National Institutes of Health

(NIH) and the Food and Drug Administration (FDA). In coop-
eration with the NIH, NASA has produced the first in-vitro

culture systemthat permits the study of the diseasecycleof HIV

in human lymphoid tissue.Work with the FDA through an
interagency agreement is enabling the use of NASA-developed
novel fiber-opticprobe technologyto study the ocular effectsof

diabetes.Researchershope to developtechniques for early

detection of the diseaseand methods for combatingits adverse
effectson human eyesight.For more detailson these activities,
see the "Biotechnology"and "Fluid Physics"portionsof this
report.

Reachingout to the communityin order to increasethe

awarenessof NASA'smicrogravityactivitiesis mandatedby the
MRP'smissionstatementand programgoalsand helpsto maintain
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This fiscalyear (FY) 1998annual reportdescribeskeyele- Becausethey are natural extensionsof traditionalEarth-based
mentsof the NASA MicrogravityResearchProgram (MRP)as laboratoryscience,the experimentsconductedunder the MRP
conductedby the MicrogravityResearchDivision(MRD)within benefit from the stable,long-duration microgravityenvironment
NASA'sOfficeof Life and MicrogravitySciencesand availableon orbiting spacecraft.The microgravityenvironment
Applications.The program'sgoals,approach taken to achieve
thosegoals,and availableresourcesare summarized.A "snapshot" affordssubstantiallyreduced buoyancyforces,hydrostaticpres-
of the program's statusat the end of FY 1998and a reviewof sures,and sedimentationrates,allowinggravity-relatedphenomena
highlightsand progress inground- and flight-basedresearchare tobe isolatedand controlled,and permitting measurements to
provided.Alsodescribedaremajor spacemissionsthat flewduring be made with an accuracythat cannot be achieved in ground-
FY 1998,plans for utilization of the researchpotentialof the based laboratories.
InternationalSpaceStation, technologydevelopment,and various

Table1summarizesinformationfrom the Microgravityeducational/outreachactivities.The MRP supportsinvestigators
from academia, industry, and government research communities Scienceand Applications Program Tas](s and Bibliograpky for
needinga spaceenvironmentto studyphenomenadirectlyor FY 1998that may be of particularinterest to the reader.Data for
indirectlyaffectedbygravity. FY 1994-1997are shownforcomparisonwith FY 1998statistics.

FY1994-1998ResearchTaskSummary:OverviewInformationandStatistics
(includes some continuing projects at no additional cost)

Numberofprincipalinvestigators 243 290 358 329 377

Numberofco-investigators 252 287 396 375 446

Numberofresearchtasks 316 347 508 414 465

Totalnumberofbibliographiclistings 944 1,200 1,573 1,428 1,868

• Proceedingpapers 145 140 237 177 305

• Journalarticles ..... 371 526 600

• NASAtechnicalbriefs 13 11 14 10 31

• Science/technicalpresentations 391 509 706 647 823

• Books/chapters 24 14 16 18 26

Numberofpatentsappliedfororawarded I 1 2 8

Numberofstudentsfunded 434 534 780 748 853

NumberofdegreesgrantedbasedonMRD,fundedresearch 125 247 243 277

Numberofstateswithfundedresearch 36 34 35 36 36
(includingDistrictofColumbia)

FYMRDBudget($inmillions) 188 163.5 159 105.3 100.4
1
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The Microgravity Research Program'supports both basic engender the development of new theories explaining unexpected

and applied research in five key areas: results. These results and the improved understanding accompa-

• Biotechnology -- focusing on macromolecular crystal nying them can lead to improved combustion efficiency and fire
safety; reduced combustion-generated pollutants; the development

growth as well as the use of the unique space environment to
of new technologies in industries as varied as medicine, chemical

assemble and grow mammalian tissue, processing, and materials processing; the development or

• Combustion science -- focusing on the processes of ignition, improvement of pharmaceuticals; and the expansion of funda-

flame propagation, and extinction during combustion of mental knowledge in a broad range of science disciplines destined
to become the foundation for scientific and technological discov-gaseous, liquid, and solid fuels, and on combustion synthesis eries in the future.

in a low-gravity environment.
A complementary document to this MRP annual report is

• Fluid physics -- including aspects of fluid dynamics and
the Microgravity ResearchDivision Program Tasksand Bibliograpky

transport phenomena affected by the presence of gravity, for FY 1998,available online at

• Fundamental physics -- including the study of criticaI phe- http://peerl.idi.usra.edu/peer review/taskbook/micro/mg98/mtb.CFM.

nomena; low-temperature, atomic, and gravitational physics; Detailed information on the research tasks funded by the MRD

and other areas of fundamental physics where significant during FY 1998is listed in that report, which serves as an excellent

advantages exist for studies in a low-gravity environment, reference for supplementary information to this annual report.

Also of interest is the NASA Microgravity Scienceand Applications• Materials science -- including electronic and photonic mate-

rials, glasses and ceramics, polymers, and metals and alloys. ProgramStrategic Plan, issued in June 1993,a guide for develop-
ment and implementation of the MRP plans and activities to the

Experiments in these areas are typically directed at providing

a better understanding of gravity-dependent physical phenomena year 2000. The Marshall Space Flight Center (MSFC) Strategic

and exploring phenomena obscured by the effects of gravity. Implementation Plan, January 1996,describes MSFC's lead center

Scientific results are used to challenge or validate contemporary role for the MRP.

scientific theories, identify and describe new experimental tech- Table 2 lists the number of research tasks and types performed

niques that are unique to the low-gravity environment, and at each NASA center for FY 1994-1998.

MicrogravityResearchTasksandTypesbyFiscalYear
(responsibilities by center)

ila 1/ | ,,, all
94 95 96 97 i 98 94 95 96 97 98 94 95 96 97 98 94 95 96 97 98

i i

JetPropulsiontaboratory 27 28 45 23 42 7 5 7 5 9 3 3 3 3 3 37 36 55 31154
l

JohnsonSpaceCenter i10 34 32 42 37 0 i ! ! 1 0 ! il 10 34
, .... .........

LewisResearchCenter 131125 203137 152 35 32 46 40 44 5 6 6 7 6 171 163255 1841202

MarshallSpaceFlightCenter 62 76 124117 127 25 25 32 31 39 5 3 91 107160 169

ResearchTaskTotals 233266 406319 358 69 65 87 78 93 13 16 15 17 13 315347 5084141464

*AdvancedTechnologyDevelopment



In fiscal year (FY) 1998, researchersin the Microgravity Research Program'sfive science disciplines --biotechnology, combustion science,
fluid physics,fundamental physics, and materials science -- worked to advance human understanding of fundamental physical phenomena and
processes through their investigations, which quantify the effects of and overcome the limitations imposed by gravity. Ground-based experiments,
coupled with experiments selectedfor flight definition, comprise a compelling and coherent strategy for understanding and using the micro-
gravity space environment. Highlights of researchactivity in FY 1998 arepresented below.

BiotechnologyOverview

Biotechnologyresearchmanipulatesbiologicalmolecules, proteins.Resultsfrom recent experimentsaboardthe spaceshuttle
tissues,and livingorganismstoobtainproductsor performspecific and theRussianspacestation,Mir, are thebasisfordeveloping
functions.Researchconductedin microgravityallowsscientiststo techniquesand equipmentfor experimentson the International
greatlyreduce theeffectsof gravity,whichcanadverselyimpact SpaceStation(ISS).For example,theDiffusion-Controlled
experimentresults.NASA'smicrogravitybiotechnologyprogram Apparatusfor MicrogravityonMir yieldednovelinsightsinto the
addressesmajor areasthat supportNASA'sexplorationgoals,the role of microgravityin producinglarger,higher-qualitycrystals.

applicationof NASA technologyto terrestrialcommercialand Crystallographicresearchin microgravityaugmentsthe
biomedicalentities,investigationof the adaptationof terrestrial developmentof superiordrugs for treatmentof a wide range of
lifeto the spaceenvironment,and researchaimed at understanding clinicalconditions,thus minimizingthe trial-and-error approach
the effectsof microgravityon biologicalprocesses.The micro- to drug development.BioCrystPharmaceuticals,Inc. (Alabama),
gravitybiotechnologyprogram investigatesthe use of lowgravity Bristol-MyersSquibb (New Jersey),DuPont Merck(Delaware),
in protein crystalgrowth (PCG)and in cellscienceas it relatesto

Eastman Kodak (New York),Eli Lilly (New Jersey),Schering
tissueengineering. PCG researchersgrow protein crystalsand Plough (New Jersey),SmithKline Beecham(Pennsylvania),
other biologicalmoleculesand assemblies,such asDNA, RNA, Upjohn (Michigan),and Vertex(Massachusetts)partner with
and viruses,to providematerialsfor high-resolutionstructural
analysisby X-ray diffractionand to understand the basisfor NASA and NASA-funded researcherstoproduce high-quality
crystal formation in low-gravityenvironments.Cell scienceinves- protein crystalsfor new drug development.The firstset of drugs

from NASA-sponsoredresearchis in Phase Ill clinicaltrials, thetigators study and evaluatethe benefit of low gravity,which
last seriesof trialsprior toapprovalfor general use.Althoughnotpromotes three-dimensional growth of mammalian cells for

tissueengineering. MarshallSpaceFlightCenter (MSFC)in all drugs successfullycompleteclinicaltrials,progressionto Phase
III emphasizesthe importantcontributionsof NASA researchtoHuntsville,Alabama,is the microgravitybiotechnologymanaging

center and directlysupports researchin proteincrystalgrowth, general public health issues.Treatment for a deadly cutaneous
Cell scienceand tissueengineeringare conductedat Johnson T-celllymphomais the result of the joint researcheffortsof
SpaceCenter (JSC)in Houston,Texas. MSFC;the Center for MacromolecularCrystallographyin

A NASA ResearchAnnouncementin biotechnology, Birmingham,Alabama;and BioCrystPharmaceuticals,Inc.The
releasedin December 1997,garnered 164researchproposals.The new skin cancertreatment is currentlyin Food and DrugAdministrationhuman clinicaltrials.
proposalswere reviewedinJuly 1998,resultingin the selectionof
48new investigationsfor funding. NASA PCG successis underscoredin the structural analysis

of an antibodyto fight respiratorysyncytialvirus (RSV).RSVAcademic,industrial,and federalgovernment researchers,
attacks the respiratoryairwaysand lungs.Accordingto thearmed with space-grownprotein crystalsthat provideimproved
National Academyof Sciences'Instituteof Medicineinresolutionof the structureof key proteinmolecules,are creatinga

new generationof rationallydesigneddrugs. Researchersuse the Washington,D.C., everyyearnearly4,000,000childrenagesone
structural data to aid in the designof drugs that will interactwith to fiveare infectedby the virusin the United States.
specificregionsof the proteinsand therebytreat specificdiseases. Approximately100,000of thesechildren require hospitalization
A criticalstageindrug designis identificationand characterization and 4,000dieannually from the infection.No vaccineis available,
of the target structure so that the proper "key"can be designedto and physiciansconsideredthe virusthe most seriousinfectious
unlock -- or lock-- a protein'sfunction.High-qualitycrystals diseasefor infantsin the United States.Daniel Carter, president
yieldthe best resolutionof protein molecularstructures through of New Century Pharmaceuticalsin Huntsville,Alabama,deter-
X-ray analysis.Microgravityoften substantiallyimprovesthe mined the three-dimensionalmolecularstructure of the RSV
qualityof crystalsand increasesstructural resolution.During this antibodyusing proteincrystalsgrown aboard the spaceshuttle.
past year,the program's successinacquiring suchcriticaldata This researchwill help scientistsunderstand key interactions
continued. Macromolecular crystals grown in space revealed new between the antibody and virus, facilitating development of

informationabout the three-dimensionalstructure of important treatments for the disease.
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Proteincrystalgrowthhighlightsinfiscalyear expressionof 10,000 genes in the kidney tissue, a select but sub-

(FY)1998included: stantialgroup of 1,632geneswere changed(upregulatedor
downregulated)inmicrogravity.These excitingresultsfrom

• Improvedstructural analysisof Factor D proteincrystalsfor Hammond's investigationraisethe possibilityof a selectgroup of
anti-inflammatorydrug therapyfor open heart surgery gravity-dependentgenes that are independentof known genes
patients.Human clinicaltesting is set tobegin in late 1998. associatedwith the shearstressof heat shockresponses.Sixspecific

• Successfulcrystalgrowth of Human Antithrombin Ill, a transcriptionfactorsunderwentlargechangesin microgravity,
protein that controlsbloodcoagulation, includingthe Wihns tumor, zinc fingerprotein, and the vitamin

• Improved resolutionof the structure of HIV protease/inhib- D3 receptor.Hammond eventuallywantsto use thesefindings to
itor complex.Resultsmay haveapplicationsfor designing make kidneyimplantsfor hormonal therapy.Rena!corticalcells
new drugs for AIDS therapies, producehormonesneeded bypatientswith kidney diseaseor

AIDS,andotherswhoareundergoingcancerchemotherapy.
• Developmentof severalproteininhibitorsof viralinfluenza

(typesA and B).PhaseII human clinicaltrialsof the During the BiotechnologyCocultureexperimentconducted
inhibitorswill begin in late 1998. aboardMir in the springof 1998,breastcarcinomacellsand

endothelialcellswere grown together in the Bioreactor
• Early analysisof detailed structuraldata on Chagas' disease,

DemonstrationUnit. Principalinvestigators(PIs)ElliotLevine,
a debilitatingand deadly diseasethat afflictsmore than of Wistar Institute,and Thomas Goodwin,of JSC, wanted to
20,000,000peoplein Latin Americaand parts of the United

producetumor tissuewithbloodvesselprecursors.Attempts in
States,offerspotential for the developmentof treatment for vitroon the ground havebeendifficult,but microgravitymay
the disease, affordtwo advantages:1)spatialarrangementof the two cells,
Cell science,the other major area of researchin NASA's bloodvessel,and tumor; and 2) inductionof the first stagesof

microgravitybiotechnologyprogram, usesthe low-gravityenvi- bloodvesselformation.

ronment of spaceand NASA ground-basedfacilitiesto grow In addition to researchin space,ground-basedcellscience
three-dimensionalhuman tissuesand organ-likestructures, researchfrom an extramural scientificcommunityof more than
Standard cellculture in 1g on Earth doesnot allowextensive 70scientistsfrom throughout the country is alsoproducing new
three-dimensionalgrowth of tissue.Microgravityand NASA's insightsand discoveries.For example,JeanneBecker,of the
ground-based bioreactorfacilitatethegrowth of cellsinto func- Universityof SouthFlorida, has successfullycultured ovarianand
tional tissueunits. Researchersuse tissuesgrown outside the body breastcancercellsinto massesthat resemblethe originaltumor.
as an improved testbed for drug development.This researchwill Bystudying howthese tissuemassesgrow, shehopesto further
alsoenablebetterunderstandingoftissuegrowth and development, our understanding of the factorsimportant in the growth and
Early resultshavebeenencouraging.Tissueculturing inmicro- spreadof tumors.This isextremelyimportant work for women's
gravity has yieldedlarger,more uniform cellassembliesthan health,becausethe current survivalratefor ovariancanceris

havebeenobtained inground-based laboratories.The experience nearlythe sameas it was over30 yearsago.A major new research
gained byperformingcellularresearchaboard the spaceshuttle effortwas initiatedbyRobert Richmondat MSFC to study the
and Mir will allowcellscienceinvestigatorsto start using the ISS development of breast cellsfrom healthy women who are at
immediatelyrather than spendingtime learninghow to useit. significantriskfor breastcancer.This researchwillallowextended

UsingNASA'sBiotechnologySpecimenTemperature studiesof the growth of healthy tissues,followedbyrigorous
Controller,Timothy Hammond and colleagues,at Tulane normal-versus-tumorcomparisons.NASA bioreactortechnology
Universityand its EnvironmentalAstrobiologyCenter,cultured is alsobeing used to investigatea potentialnew cardiactreatment
rat renal tubular cellsfor four months in the Biotechnology byCharlesHartzell and RobertAkins, bothof the AlfredI.
Systemfacilityon Mir, from September1997toJanuary 1998. DuPont Hospital for Children. In this approach,cellstaken from
The experiment,Biotechnologyof Three-DimensionalTissue a damaged heart or cellsdonated from another individualare
Engineering,was designedto helpverify the functionof two new recombinedin the NASA bioreactorinto an organized,functional
equipment units of the BTS: the cellincubatormodule and tissuethat can be surgicallyreimplanted.
refrigerator.Tissuesgrew wellonMir, assemblingand propagating Researchersat the NASA/National Institutesof Health
larger aggregatesthan the control experimentson the ground. (NIH) Center for Three-DimensionalTissueCulture have
The cellsin theseaggregatesalsoexpressedreceptorsitesthat alreadyproducedthe first in-vitroculture systemthat permits the
enableassessmentof the potential for drug toxicity,an important study of HIV pathogenesisinsidehuman lymphoid tissue.In
stepin developinga nonanimal, nonclinicaltest for renal toxicity, addition,there are currently 15ongoingprojectsat the center
In early1998,Hammond cultureda sampleof human renalcortical addressinga spectrum of biomedicalresearchissuesthat the NIH
cellsin the BioreactorDemonstrationSystemon theSTS-90mission, identifiedashaving the potential to benefitfrom NASA tissue
Basedon the resultsfrom automated genearray analysisof the culture technology.

4
IIIIIIIIIIIIIIIII



CellsciencehighlightsinFY1998included: "convincedbytheevidencethatlargercrystallinespecimensare
• Enhancedexpressionof renaldrug toxicityreceptorsin space, obtainablein microgravitythan on Earth" and that this method is

an importantstepin developingtestsfor renaldrug toxicity, important for determiningprotein structures.The subcommittee
alsoseesgreat promiseinnew PCG techniquesbeingdeveloped

• Successfulidentificationofa numberofgenesinhuman renal by NASA. It recommendedthat NASA activelyseekareasof
corticalcellsthat experiencedan alterationinactivityin space, mutual interest with the NIH and that researchin these areasbe

• Use ofNASA bioreactorstoproducethe firstin-vitrosystem stimulated byjoint funding.
to permitthe studyof HIV in human lymphoidtissueon The annual conferenceof the Societyfor Biomaterials,held
Earth in 1g. April 23-25 in SanDiego,California,featuredan exhibithigh-

. Establishmentof on-orbitcellculturecapabilityfor the con- lightingNASA'sbiotechnologyresearch,includingPCG.
tinuousoperationof theBiotechnologyFacility(BTF)fortheISS.

More than 250scientists,manyconductingNASA-sponsored
• Validationof the Data Acquisitionand Control Systemfor research,attended the SeventhInternationalConferenceon the

the BTF during long-durationoperation inspace. Crystallizationof BiologicalMacromoleculesheld May3-8 in

Meetings,Awards,andPublications Granada, Spain.
The 1998Congresson In VitroBiology,held May30-June 4

At the annual BiophysicalSocietyMeetingin KansasCity, in Las Vegas,Nevada,featured a sessiontitled "Microgravityand
Missouri,February23-25, 1998,a NASA representativediscussed Biotechnology:BringingSpaceHometoEarth,"chairedbyI.Milburn
how the spaceagencyworks as a partner with private industries Jessup(Universityof Pittsburgh MedicalCenter)and Neal Pellis
and universities in space-based research to help the pharma- (ISC),with papersbyDonald Durzan (Universityof California,
ceutical and health care industriesdeveloptools for commercial Davis),Arthur Sytkowski(BethIsraelDeaconessMedical
research. Center),lessup, and Pellis.

Astronaut David Wolf addressedthe meetingof the 1998 More than 200participantsrepresentingCanada,China,
biotechnologycellscienceprogram investigatorworking group, France,Germany,Japan, the Netherlands,Russia,and the United
held February 26-28 at JSC. Wolf,who playeda major role in States tookpart in the First Pan-PacificBasinWorkshop in
the development of the NASA bioreactor,reviewed aspectsof MicrogravitySciences,held July 8-11 at Waseda Universityin
his stayon Mir and answered questions from the nearly 100 Tokyo,Japan. The workshop promotedcooperationamong
participants, researchersin the microgravitycommunitybyencouragingdiscus-

A biotechnologydisciplineworking group meeting was held sionsand fosteringteamwork.

March 2at ISC.Discussionsat the meeting focusedon the perfor- The AmericanCrystallographicAssociationconference,held
manceof biotechnologyresearchon the ISSand the formationof July 19-22in Arlington,Virginia,featuredan exhibithighlighting
a working group todefinerequirementsfor the BTF for the space NASA'seffortsin PCG.
station. Meeting participants alsoviewedsome of the hardware
being developedfor the ISS. Preliminaryresultsfrom twoflights of the first Microgravity

SciencesLaboratory(MSL-1)missionwere reviewedAugust
Spaceresearchadvancesin biotechnologywere featuredat a 25-26 at MSFC.Experimentscarried byMSL-1 included the

sessiontitled "PharmacyinSpace"during the 145thannual meeting Protein CrystallizationApparatusfor Microgravity(PCAM),the
of the AmericanPharmaceuticalAssociationin Miami Beach, Handheld DiffusionTest Cells,and the Second-Generation

Florida,March 22-24.The presentationfocusedon microgravity VaporDiffusionApparatus(VDA-2).Carter presentedPCAM
biotechnologyresearchleadingtoward drug developmentfor the results,which representan important steptoward developinga
treatment of disease.Specialmedia briefingswere given by treatment for RSV.

Robert Richmond (Laboratoryfor Structural Biology,MSFC), Significantresultsfrom the researchconductedin the biore-
Lawrence DeLucas(Centerfor Macromolecular actoraboard Mirwere publishedin the December1997issueof
Crystallography),Ewa Ciszak(Laboratoryfor Structural Biology, the Proceedingsof theNationaldcademyofSciences.Lisa Freed,of
MSFC),Dennis Morrison(JSC),and David Bourne(Collegeof the MassachusettsInstituteof Technology,and her colleagues
Pharmacy,Universityof Oklahoma). reported that initiallydisc-likespecimensof cartilagetissue,when

One of the most important meetingsinFY 1998was the cultured for four monthsin microgravity,tend tobecomespherical
annual reviewmeetingof the NASA-NIH Advisory in space,demonstratingthat tissuescangrow and develop into
Subcommitteeon Biomedicaland BehavioralResearch,which distinctstructures in microgravity.Freed'sMir tissuesamples
was held April 2-3 in Yulee, Florida. In its reviewof the PCG were smaller,more spherical,and mechanicallyweaker than
program, the subcommitteeconcludedthat "despitelimited Earth-grown controlsamples.Theseresultsdemonstratethe feasi-
experimentalopportunities,theprogramhasgeneratedconsiderable bilityof microgravitytissueengineeringfor longer durationsthan
new, useful, and important data." The subcommittee was a shuttle missionand may have implicationsfor long human



space voyages and for treating musculoskeletal disorders on The Interferometry of Protein Crystal Growth (IPCG)
Earth. A separate commentary in the proceedings notes that experiment was placed aboard Mir in September 1997and operated
NASA bioreactor research in space "offers an unprecedented by astronaut Andrew Thomas in the Mir Glovebox. It was
opportunity for studying complex fluid assemblies." returned to Earth in January 1998on STS-89. Significant opera-

DeLucas was an invited panelist on the "Open for tional data were obtained, and the system is being modified for
Business" International Space Station video conference, held by possible future flights. PCG experiments usually involve a small,

NASA and PBS on February 26. simple apparatus; however, IPCG employed a sophisticated optical
system to observe crystal growth.

Media coverage in FY 1998 included articles in Popular

Mechanics, Infectious Diseases in Children, Frontiersof Medicine, Flights on Mir and the space shuttle in FY 1998 facilitated
and Design News, as well as stories featured on Fox TV and the growth of protein crystals in three different apparatus in
NBC. For CNN, astronaut Andrew Thomas, during his second microgravity: the Diffusion-Controlled Apparatus for

week aboard Mir, described work with experiments in a NASA Microgravity (DCAM), the Protein Crystallization Apparatus
bioreactor, for Microgravity (PCAM), and the Second Generation Vapor

Diffusion Apparatus (VDA-2). A total of 324 cells containing
protein crystals grown in the DCAM were returned to Earth

FY1998FlightInvestigations--ProteinCrystaIGrowth during the past year, 162 each on Mir Increments 6 and 8. Six
cylinders containing 378 protein samples in the PCAM and
three trays of syringes for growing protein crystals in the VDA-2
were all flown on the STS-90 shuttle flight in October 1998.

The Microgravity Research Division continues to work to

Mir.6/ Diffusion-ControlledApparatusforMicrogrovity identify the scientific experiments that will be conducted on the
first three ISS utilization flights (UF-1, UF-2, and UF-3).

STS-86 DanielCarter Already identified is the Dynamically Controlled Protein Crystal

Mir-6/ GaseousNitrogenDewar Growth Apparatus (DC/PCG), which will allow the investigator

STS-86 AlexanderMcPherson to control the evaporation rate or the temperature profile in order
to control protein crystal growth. Methods to date have allowed

Mir-6/ InterferometryforProteinCrystalGrowth no variations beyond conditions set before flight. DC/PCG uses a

STS-86 AlexanderMcPherson humidity sensor to control the evaporation rate and thermoelectric
heating and cooling units to control the temperature profile. Both

Mir-8/ Diffusion-ControlledApparatusforMicrogravity systems employ a laser scattering sensor to detect the onset of

STS-89 DanielCarter aggregation, and a computer to adjust conditions. Due to schedule
and budgetary constraints, work focused on the vapor diffusion

Mir'8/ GaseousNitrogenDewar system in 1998.Work will resume on the thermal systems in

STS-89 AlexanderMcPhers0n 1999. Also scheduled for an ISS utilization flight are the
Enhanced GN2 Dewar and the ObservableProtein Crystal

ProteinCrystallizationApparatusforMicrogravity Growth (OPCG) Apparatus. The Enhanced GN2 Dewar is
STS-90 DanielCarter based on the GN2Dewar flown on Mir with added electronic

monitoring. The OPCG will use interferometry to reveal flow
SecondGenerationVaporDiffusionApparatusSTS-90 patterns and density differences in fluids around protein crystals
LawrenceDeLucas as they nucleate and grow. A prototype was completed and tested

in January 1998,and lysozyme crystals were used in test runs.
Engineering improvements were made to enhance operation and

FlightExperiments reduce crew setup time. About 35 percent of the design drawings

The flight phase of the Gaseous Nitrogen (GN2) Dewar were completed. A flight test is planned on STS-107 in 2000 in
project aboard Mir was completed with the flights of its last two preparation for deployment aboard the ISS.

dewars, one during Mir Increment 6 and the other during Two cell science experiments were conducted using the
Increment 8. The dewars returned 257 samples of 21 different Bioreactor Demonstration Unit (BDU) aboard Mir. One experi-
proteins. Early results show a marked improvement in X-ray ment also used equipment carried aboard the Neurotab
diffraction properties over earlier Mir flights. Exceptional crystals (STS-90) mission. Specimens for the Biotechnology of Three-
of catalase, thaumatin, cellulase, lysozyme, and concanavalin B Dimensional Tissue Engineering (BIO3D) experiment were

were grown. The program has demonstrated the ability of a cultured in the new Biotechnology Specimen Temperature
new technique to screen large quantities of crystals grown at Controller (BSTC) delivered to Mir by STS-86 and retrieved by
low cost. Analysis of these samples continues. STS-89. The BSTC incubated rat renal ceils to test the cell



FY1998FlightInvestigationsm CellScience

Mir-6/ BiotechnologyofThree-DimensionalTissueEngineering
STS-86 PeterLelkes,HealPellis,TimothyHammond

Mir-8/ BiotechnologySystemCocultureofEndothelial
STS-89 CellsandHumanBreastCardnoma

ElliotLevine,ThomasGoodwin

Mir-8/ BiotechndogySystemDataAcquisitionandControlSystem
STS-89 SteveGonda

STS-90 HumanRenalTabularCells

TimothyHammond

STS-90 Microgravity-lnducedDifferentiationofHL-60
NedPellis,ThomasGodwin

STS-95 MicrogravityMicroencnpsulationofDrugs
DennisMorrison,BenjaminMosier

repository and refrigeration units. A bioreactor and associated
support gear known as the Bioreactor Demonstration System
were flown on STS-90 to culture human renal tubular cells.

The BDU for coculturing breast carcinoma cells and endothelial
cells in the Biotechnology Cocuhure (COCULT) experiment
was delivered to Mir by STS-89 and retrieved by STS-91.

Successful on-orbit serial culture from on-orbit cell reposi-

tories was accomplished at 14-day intervals over a 70-day period
on Mir Increment 6 using rat renal tubular cells. Cell repositories
and serial passage are critical to enabling capabilities needed to
support planned continuous operation of the BTF and biotech-
nology cell science applications for NASA's Human Exploration
and Development of Space Enterprise.

The BTF's Data Acquisition and Control System (DACS)
was successfullydesigned and validated for long-duration operation
in a space environment. PI Steve Gonda, of JSC, conducted a
risk mitigation investigation on the DACS in the Biotechnology
System facility aboard Mir. Flash PC cards and radiation recovery
software were incorporated in the DACS to overcome space
radiation-induced Single Event Upsets and to allow continuous
long-duration operation.

The FY 1998 ground and flight tasks for biotechnology are
listed in Table 3. Further details regarding these tasks may be
found in the complementary document Microgravity Research

Division Program Tasksand Bibliographyfor FY 1998, available
online at iztq_.'//peerI.idi.usra.edu/peer_review/taskbook/micro
/mg98/mtb. CFM.
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BiotechnologyTasksFundedbytheMicrogravityResearchDivisioninFY1998
some continuing projects at no additional cost)

SearchingfortheBestProteinCrystals:Synchrotron-BasedMosaicity
MeasurementsofCrystalQualityandTheoreticalModeling

ProteinCrystalGrowthVapor-DiffusionFlightHardwareandFacility GloriaBorgstahI
Daniel C. Carter Universityof Toledo,Toledo,OH
New Century Pharmaceuticals,Inc.,Huntsville,AL

DevelopmentofanInsulin-Secreting,ImmunoprivilegedCell-CellAggregate
ProteinCrystalGrowthinMicrogravity UtilizingtheNASARotatingWallVessel
Lawrence J.DeLucas Donald F.Cameron

Universityof Alabama,Birmingham,AL Collegeof Medicine,Universityof SouthFlorida,Tampa,FL

Growth,Metabolism,andDifferentiationofMIP-IO1CarcinomaCells Quantitative,StatisticalMethodsforPreflightOptimizationandPostflJght
J.Milburnlessup EvaluationofMacromolecularCrystalGrowth
Universityof Pittsburgh MedicalCenter,Pittsburgh, PA Charles W.Carter

MembraneTransportPhenomena Universityof North Carolina,ChapelHill, NC

Larry W. Mason OriginofImperfectionsinGrowingProteinCrystalsbyIn-situRockingCurve
LockheedMartin Astronautics,Denver,CO Analysis
EnhancedDewarProgram AlexanderA. Chernov
AlexanderMcPhersonJr. UniversitiesSpaceResearchAssociation,MarshallSpaceFlight
Universityof California,Irvine,CA Center,Huntsville,AL

AnObservableProteinCrystalGrowthFlightApparatus InfraredSignaturesforMammalianCellsinCulture
AlexanderMcPhersonJr. Krishnan K. Chittur
Universityof California,Irvine, CA Universityof Alabama,Huntsville,AL

InvestigationofProteinCrystalGrowthMechanismsinMicrogravity Microgravity-SimulatedProstateCellCulture
Keith B.Ward LelandW. Chung
NavalResearchLaboratory,Washington,DC Universityof Virginia,Charlottesville,VA

Honinvasive,Near-InfraredSensorforContinualCellGlucoseMeasurement
Gerard L. Cote

ExperimentalAssessmentofMulticomponentEffectsinDiffusion-Dominated TexasA&M University, College Station, TX

TransportinProteinCrystalGrowthandElectrophoresisandChiralSeparations AComprehensiveInvestigationofMacromolecularTransportDuringProtein
John G. Albright Crystallization
TexasChristian University,Fort Worth, TX LawrenceJ. DeLucas

CrystallizationMechanismsofMembraneProteins University of Alabama, Birmingham, AL

]amesP. Allen DevelopmentofRoboticTechniquesforMicrogravityProteinCrystalGrowth
Arizona StateUniversity,Tempe,AZ LawrenceJ. DeLucas

NovelConceptsinAcoustophoresisforBiotechnologyApplications University of Alabama,Birmingham, AL

Robert E.Apfel MacromolecularCrystallization:PhysicalPrinciples,PassiveDevices,andOptimal
YaleUniversity,New Haven, CT Protocols

George T. DeTitta
Real-TimeMonitoringofProteinConcentrationinSolutiontoControlNucleation Hauptman-WoodwardMedicalResearchInstitute,Buffalo,NY
andCrystalGrowth
Mark Arnold UseofMicrogravity-BasedBioreactorstoStudyIntercellularCommunicationin
Universityof Iowa, Iowa City,IA AirwayCellsEllen R. Dirksen

TheUseofBioactiveGlassParticlesasMicrocarriersinMicrogravityEnvironmentsUniversityof California,LosAngeles,CA

PortonovoS.Ayyaswamy LaserScatteringTomographyfortheStudyofDefectsinProteinCrystals
Universityof Pennsylvania,Philadelphia,PA Robert S.Feigelson
ProteinCrystal-BasedNanomaterials Stanford University,Stanford,CA

Jeffrey A. Bell RoleofFluidShearonThree-DimensionalBoneTissueCulture
RensselaerPolytechnicInstitute,Troy,NY JohnA. Frangos

ExpansionandDifferentiationofCellsinThree-DimensionalMatricesMimicking Universityof California,SanDiego,La !olla,CA
PhysiologicalEnvironments MicrogrovityTissueEngineering
RajendraS. Bhatnagar Lisa E.Freed
Universityof California,San Francisco,CA MassachusettsInstituteof Technology,Cambridge,MA
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EpitaxialGrowthofProteinCrystalsonSdf-AssembMMonolayers RegulationofSkeletalMuscleDevelopmentandDifferentiationInVitroby
JonathanM. Friedman MechanicalandChemicalFactors
Universityof Houston, Houston, TX WilliamE. Kraus

ProteinandDNACrystalLatticeEngineering Duke UniversityMedicalCenter,Durham, NC
D. T. Gallagher MultidisciplinaryStudiesofCells,Tissues,andMammalianDevelopmentin
Center for AdvancedResearchin Biotechnology,Rockville,MD SimulatedMicrogravity

Elliot M.Levine
Microgravity-BasedThree-DimensionalTronsgenicCellModels Wistar Institute, Philadelphia,PASteveR. Gonda

Johnson Space Center, Houston,TX AnalysisofElectrophoreticTransportofMacromoleculesUsingPulsedField
GradientNMR

LymphocyteInvasionIntoTumorModelsEmulatedUnderMicrogravilyConditions BruceR.Locke
InVitro Florida StateUniversity,Tallahassee,FL
Thomas J. Goodwin
JohnsonSpaceCenter, Houston, TX QuantitativeAnalysisofSurfactantInteractionsDuringMembraneProtein

ApplicationofBioreactorTechnologyforAnalysisandCountermeasureDevelopmentCrystallization
ofMicrogravity-lnducedSuppressionofInnateImmunity Patrick !. Loll
ElizabethA. Grimm UniversityofPennsylvaniaSchoolof Medicine,Philadelphia,PA

M.D. Anderson Cancer Center, University of Texas,Houston, TX Ground-BasedProgramforthePhysicalAnalysisofMacromolecularCrystalGrowth

DifferentiationofCulturedNormalHumanRenalEpithelialCellsinMicrogravity Alexander J. Malkin
Timothy G. Hammond UniversityofCalifornia,Riverside,CA

TulaneUniversityMedicalCenter,NewOrleans,LA ThyroidFollicleFormationinMicrogravity:Three-Dimensional0rganoidConstruction

Productionof1-25-di0HD3byRenalEpithelialCellsinSimulatedMicrogravity inaLow-ShearEnvironment
Culture AndreasMartin

Timothy G. Hammond Mount SinaiMedicalCenter,New York,NY
TulaneUniversityMedicalCenter,New Orleans, LA BiologicalParticleSeparationinLowGravity

DeterminingtheConditionsNecessaryfortheDevelopmentofFunctional D.J.Morr6
ReplacementCartilageUsingoMJcrogrovityReactor Purdue University,West Lafayette,IN

CaroleA. Heath Continuous,NoninvosiveMonitoringofRotatingWallVesselsandApplicationtothe
Iowa StateUniversity,Ames, IA StudyofProstateCancer
Self-AssemblyofHepatocyteSpheroidsinMicrogravity David W.Murhammer
Wei-Shou Hu Universityof Iowa, IowaCity, IA

Universityof Minnesota,Minneapolis,MN Diffusion,Viscosity,andCrystalGrowthofProteinsinMicrogravity
TheEffectsofMicrogravityonViralReplication Allan S.Myerson
John H. Hughes PolytechnicUniversity,Brooklyn,NY

OhioStateUniversity,Columbus,OH Insect-CellCultivationJnSimulatedMicrogravity
UseofNASABJoreactortoStudyCellCycleRegulation Kim C.O'Connor
I. Milburn Jessup TulaneUniversity,New Orleans, LA

Universityof Pittsburgh MedicalCenter,Pittsburgh, PA MicrogravityandImmunosuppression:AGround-BasedModelintheSlow-Turning
UseofRotatingWallVesseltoFacilitateCultureofNorwalkVirus LateralVesselBioreactor
PhilipJohnson Neal R. Pellis
Universityof TexasMedicalSchool,Houston, TX JohnsonSpaceCenter, Houston,TX

ProteinCrystallizationinComplexFluids FluorescenceStudiesofProteinAggregationinUnder-andOver-SaturatedSolutions
Eric W. Kaler MarcL. Pusey
Universityof Delaware,Newark, DE MarshallSpaceFlight Center,Huntsville,AL

FibrilFormationbyAlzheJmer'sDiseaseAmyloidinMJcrogravity IsolationoftheFlow,GrowthandNucleationRate,andMicrogravityEffectson
Daniel A. Kirschner ProteinCrystalGrowth
BostonCollege,Chestnut Hill, MA Marc L. Pusey

MarshallSpaceFlight Center,Huntsville,AL
ApplicationsofAtomicForceMicroscopytoInvestigateMechanismsofProtein
CrystalGrowth StemCellExpansioninRotatingBioreactors
JohnH. Konnert Peter I.Quesenberry
NavalResearchLaboratory,Washington,DC Universityof MassachusettsMedicalCenter,Worcester,MA



HeterozygousAtaxia4elangiectasiaHumanMammaryCellsasaMicrogravJty-BasedNucleationandConvectionEffectsinProteinCrystalGrowth
ModelofDifferentiationandCancerSusceptibility Peter G. Vekilov
RobertC. Richmond Universityof Alabama,HuntsvilLe,AL
MarshallSpaceFlight Center,Huntsville,AL

ProteinPrecipitant-SpecificCriteriafortheImpactofReducedGravityonCrystal
EnhancementofCellFunctioninCulturebyControlledAggregationUnder Perfection
MJcrogravityConditions Peter G. Vekilov
W.M. Saltzman Universityof Alabama,Huntsville,AL

CornellUniversity,Ithaca,NY Two-DimensionalProteinCrystallizationatInterfaces
UseofNASABioreactorsinaNovelSchemeforImmunizationAgainstCancer ViolaVogel
CherylynA. Savary Universityof Washington,Seattle,WA
M.D.AndersonCancer Center,Universityof Texas,Houston,TX

Two-DimensionalCrystalGrowthinMicrogravity
ElectrohydrodynamicsofSuspensions TheodoreG. Wensel
Dudley A. Saville BaylorCollegeof Medicine,Houston,TX

PrincetonUniversity,Princeton,NJ ThermodynamicsofProteinCrystallizationandLinkstoCrystalQuality
MicrogravityandtheBiologyofNeuralStemCells JohnM.Wiencek
WilliamJ. Schwartz Universityof Iowa, Iowa City,IA
Universityof MassachusettsMedicalSchool,Worcester,MA

MetastableSolutionStructureandOptimizationStrategiesinProteinCrystalGrowth
RoboticAcquisitionandCryogenicPreservationofSingleCrystalsofMacromoleculesLori J. Wilson
forX-RayDiffraction East TennesseeStateUniversity,JohnsonCity,TN
Craig D. Smith
Universityof Alabama,Birmingham,AL ARationalApproachforPredictingProteinCrystallizationW.W.Wilson

GastricMucosalCellCultureinSimulatedMicrogravity MississippiStateUniversity,MississippiState,MS
Adam J. Smolka
MedicalUniversityof South Carolina,Charleston,SC SearchforaDiluteSolutionPropertytoPredictProteinCrystallization

w. w. Wilson

InfluenceofMicrogravityConditionsonGeneTransferIntoExpandedPopulationsof MississippiStateUniversity,MississippiState,MS
HumanHematopoieticStemCells
E M. Stewart NovelMicrogravityOpticalTechniqueforMolecularlyEngineeringElectrophoretic

Media
Universityof MassachusettsMedicalCenter,Worcester,MA

DenisWirtz
ProductionofRecombinantHumanErythropoietinbyMammalianCellsCulturedin JohnsHopkinsUniversity,Baltimore,MD
SimulatedMicrogravJty
Arthur J.Sytkowski TheEffectsofMicrogravity/LowShearonGlycosylationandEukaryoticDNAVirus
BethIsraelDeaconessMedicalCenter, Boston,MA Replication

H. A. Wood

Defects,Growth,andElasticPropertiesofProteinCrystals CornellUniversity,Ithaca,NY
RobertE. Thorne

Ex-VivoHemopoiesesinaThree-DimensionalHumanBoneMarrowCultureUnder
CornellUniversity,Ithaca,NY SimulatedMJcrogravity
MechanismsforMembraneProteinCrystallization:AnalysisbySmallAngleNeutron J.H. David Wu
Scattering Universityof Rochester,Rochester,NY
David M. Tiede

LiverTissueEngineeringinMicrogravityEnvironmentArgonneNational Laboratory,Argonne, IL
BorisYoffe

PreparationandAnalysisofRNACrystals BaylorCollegeofMedicine,Houston,TX
PaulTodd

Universityof Colorado,Boulder,CO ParticleInteractionPotentialsandProteinCrystalQuality
CharlesF. Zukoski

DevelopmentofMicroflowBiochemicalSensorsforSpaceBJotechnology Universityof Illinois,Urbana-Champaign,Urbana, IL
BruceC. Towe

ArizonaState University,Tempe,AZ

ExperimentalStudiesofProteinCrystalGrowthUnderSimulatedLow-Gravity
Conditions
Eugene H. Trinh
Jet PropulsionLaboratory,Pasadena,CA
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CombustionScienceOverview

Combustionand the resultsof combustionprocessesaffect nature of earlymicrogravityexperimentsand, more importantly,
each of useveryday.The majorityof the world'selectricpower due to benefitsfor activecontrolof combustors.

production,home heating,and ground and air transportationare Pressureeffects-- High pressureand/or supercriticalopera-
made possiblebycombustion.Unfortunately,combustionby-products tion of combustorsyieldsimprovedthermodynamicefficiencyat
are major contributorsto air pollutionand globalwarming, the expenseof increasedgenerationof pollutants.Conventional
Additionally,unintentional firesclaimthousandsof livesand cost dieselenginesoperate at 50atmospheres(atm),but most research
billionsofdollars in propertydamage. Beingable tocontrol corn- has beenconductedat near ambientconditions(1atm). Research
bustion would be of great benefitto society,yet beneficialcontrol at higher pressurelevelsis importantbecausethe influenceof
of combustionis impededby a lack of fundamentalunderstanding buoyancyon combustionprocessesincreaseswithpressure.

of combustion processes.Combustionresearchis hampered more Benchmarkdataon laminarflames-- Flamesin practical
than other areasof scienceby the effectsof gravitationalforceson

deviceslike butane lightersand gas stoves,althoughhighly tur-
Earth, sincecombustionintrinsicallyinvolvesthe productionof
high-temperaturegasesin which lowdensitiestrigger buoyant bulent,operate irt the "laminar flamelet" regime;that is,their

flamesare typicallysmooth and steady.Improvementsin under-
flows.These flowscausethe reactionzone tocollapseinto very
thin, sheet-likeregionsthat are impenetrablebycurrent or antici- standinglaminar flamestructure and associatedcharacteristics

will havea direct impacton modelingof turbulent flames.
paredinstrumentation.Conducting experimentsin microgravity
eliminatesbuoyancyand expands the reactionzone to the extent Sprayand aerosolcloud combustion--This typeofcom-
that measurementscanbe made. The resultingdata are used to bustion, typicalof the way carsburn fuel,accountsfor 25 percent
verifycombustiontheory,validatenumericalmodels,and develop of the world'senergyuse yet remainspoorlyunderstoodfrom
freshinsight into elementalphenomena,allof which canbe both fundamentaland practicalperspectives.Microgravitynot
appliedto Earth-basedcombustionprocesses.Specificpotential onlyoffersa quiescent,nonbuoyantenvironment for the study of
benefitsthat may ensue,in part, from microgravitycombustion sprayand cloud combustion,it alsoovercomesthe problem of
researchinclude the following: droplet settlingin a 1g environment.

• Increasedconversionefficiencyof chemicalenergystoredin Combustionsynthesis-- Flame-synthesizedproducts
fuelsto useful heat and work incombustiondevices,leading includevaluablevapors (e.g.,acetylene),ultrafine particles(e.g.,
to economicsavings,reduceddissipationof scarcefuel fullerenes,siliconoxides,titaniumoxides),coatings(e.g.,diamonds),
reserves,and lowergreenhousegas emissions, and monolithicsolids(e.g.,boron carbide,titanium boride).

• Reduction of combustion-related effluents that pollute the These materialsare rapidlyexpanding in breadthof useand
atmosphere, value,but their production remainsverymuch an art, rather than

• Reductionof fire and explosionhazards, a science.Sedimentationandbuoyantplumesleadtoshortresidence

• Improved hazardous wasteincinerationprocesses, times and interfere with investigationinto the mechanismsof
materialproduction.Current researchis gearedtoward interpreting

• Developmentof improvedmaterialsvia combustionsynthe- the differencesbetweennormal- and low-gravityprocessingand
sis for use in widelydiverseapplicationssuchas bone improving the products.
replacement,electricalcomponents,and engines.

Surfaceflamespread-- Large-scalefiresand firespreadon
The microgravitycombustionscienceprogram,inconjunction Earthare complicatedbybuoyancy-fedturbulentprocessesand

with thecombustionsciencedisciplineworkinggroup,has thermalradioactiveinteractionswith surroundingmaterials,terrain,
defined the followinghigh-priorityareasfor microgravity

and buildingstructures.Currentmodelsof flamespreadgenerallyresearchand is supportingresearchin eacharea:
omit thermal radiationbecauseof the limited understandingof

Combustion-turbulenceinteractions-- Virtuallyall practical this transportmechanism.Laboratory-scaleexperimentsin
combustiondevices,exceptgas stoves,involveturbulent flows.
Microgravity uniquely limits the range of turbulent length and microgravity have begun to elucidate the importance of thermal

radiationand indicatethat theseresultsmightbe utilizedin mod-time scalesto those largeenoughto be tractableexperimentally.
elinglarge-scalefires.

Sootprocesses-- Sootis a criticalelementin manycombus-
tion systemsbecauseit can havea strongeffectoncombustorlife- Transientprocessesin gaseousflames-- Microgravity
time, efficiency,peakpoweroutput,and pollutiongeneration, experimentationcanprovide insightsinto flameinstabilities,such
The lackofbuoyancy-inducedacceleratedflowsina microgravity as ignition,extinction,and imposedperturbationsthat are often
environmentresultsin longerperiodsof time inwhichprimary maskedby buoyancyin normalgravity.

soot formation,sootclustering,cluster-clusteragglomeration,and Spacecraftfiresafety-- Modelsusedto study spacecraftfire
oxidationcanbe investigated, safetyare stillconsidered"primitive."Further researchis

Diagnostics-- Technologicalimprovementsin measurement required inthe areasof microgravityflammability,fire spread,
are mandateddue to historicand validcriticismof the qualitative fire andsmokedetection, fire suppression, and postfire cleanup.

11



Partial-gravity combustion -- Combustion issues on the sur- velocity required to induce liftoff in microgravity (compared to
faces of the Moon and Mars will include habitat fire safety, waste that required in normal gravity) was nearly equal to the increase
incineration, roving vehicle power, and propellant storage safety, required to induce blowout.

In response to the 1997NASA Research Announcement for Turbulent Gas-Jet Diffusion Flames (TGDF) flew as a Get
combustion science, 155 proposals were received. Funding for 41 Away Special investigation on the STS-87 mission. TGDF was a
ground-based projects, 8 flight definition investigations, and 2 study of vortex interactions in a gas-jet flame. In the experiment,
international research collaborations was awarded, toroidal flow vortices were generated by sinusoidally varying the

open diameter of an iris around the base of a propane gas-jet

Meetings,Awards,andPublications flame, thereby causing large-scale fluctuations in the entrained air

Merrill King, of NASA headquarters, and Kurt Sacksteder, flow. The experiment's key variable was the iris frequency, which
of Lewis Research Center, chaired the microgravity combustion was varied between 1.5, 3.0, and 5.0 hertz. TGDF's primary
session of the 36th Aerospace Sciences Meeting in Reno, Nevada, objective was to gain an understanding of the dynamic behavior
held January 12-15, 1998. of the vortex/flame interaction, including possible vortex breakup

or merging, and the interaction's effect on the time-averaged values
A paper titled "Effects of Unsteady Stretch on the Strength of flame temperature, radiation, and shape. In addition, the exper-

of a Freely Propagating Flame Wrinkled by a Vortex," by C.J. iment has provided insights into the development and extinction
Mueller and !. E Driscoll, both of the University of Michigan, of microgravity flames. Analysis of the results has revealed thatand D. L. Reuss and M. C. Drake, both of General Motors

the microgravity flame possesses three axially spaced zones of
Research and Development, received the Combustion Institute's vortex interaction, defined by the energy transfer between the
Silver Medal Award at the 26th International Symposium on oscillation and the mean field, which varies among these zones.
Combustion, held August 3-7, 1998,in Boulder, Colorado. The These experimental results have been compared with a compre-
award is the most prestigious given for a single paper in combus- hensive numerical model of the pulsed flame in order to validate
tion science. The paper was generated from work partially spon- the accuracy of the model and verify our understanding of the
sored by the microgravity combustion program, flame behavior.

FlightExperiments The Solid Surface Combustion Experiment (SSCE) flew for
its 10th and last time on STS-91 in May 1998.SSCE, the first

In fiscal year (FY) 1998, three investigations completed their combustion experiment flown on the shuttle, originally flew on
flight tests: Enclosed Laminar Flames, Turbulent Gas-Jet STS-41 in 1992.SSCE was designed to obtain benchmark flame
Diffusion Flames, and the Solid Surface Combustion

spread data in quiescent test atmospheres, the least likely condi-
Experiment. Descriptions of results obtained in FY 1998are ,ions to encourage flame spread. The SSCE hardware included a
given below, sealed chamber module containing the test samples; ashless filter

The Enclosed Laminar Flames (ELF) glovebox investigation paper or polymethyl methacrylate (PMMA), also known as
flew on the fourth United States Microgravity Payload (USMP-4) acrylic plastic; and a test atmosphere of 35-70 percent oxygen
mission in November 1997.The primary objective of the ELF mixed with nitrogen. The samples were instrumented with ,her-
investigation was to determine the mechanisms controlling the mocouples. A second module contained cameras, a computer, and
stability of round laminar gas-jet diffusion flames in a co-flow air a battery. SSCE flames were recorded on film and video; thermo-
duct. The study was specifically focused on the effect of buoyancy couple temperatures were recorded digitally. Several scientifically
on the flame characteristics and velocities at liftoff, reattachment, significant observations have emerged from the SSCE tests: (1)
and blowout of the flame. When the fuel or air velocity is steady flame spread occurs over thin samples, even in quiescent
increased to a critical value, the flame base abruptly jumps down- atmospheres; and (2) thicker PMMA samples burn unsteadily
stream, and the flame is said to have reached its liftoffcondition, and finally self-extinguish, but they require as much as 9
Flow conditions are such that the flame cannot be maintained at minutes to quench. Comparisons of flight data with numerical
the burner rim despite the presence of both fuel and oxygen, simulations indicate that unlike in normal-gravity results,
When the velocity is further increased, the flame will eventually radiative heat transfer is a dominating influence in flame spread
extinguish at its blowout condition. In contrast, if the velocity is

in quiescent atmospheres. In summary, these experiments
reduced, the flame base eventually returns to anchor at the burner demonstrate that the controlling mechanisms for material flam-
rim, at a velocity lower than that of liftoff, indicating a hysteresis mability and flame spread are quite different in microgravity and
effect. Approximately 50 tests were conducted during the mission, normal Earth gravity.
using a 50-50 mixture (by volume) of methane and nitrogen as the
fuel. Stable lifted flames were observed in microgravity, except at The FY 1998ground and flight tasks for combustion science
high fuel flows where the microgravity flames blew out immedi- are listed in Table 4. Further details regarding these tasks may be
ately after liftoff. The experimental results verify the hypothesis found in the complementary document Microgravity Research
that substantially greater velocities are required to destabilize the Division Program Tasl(sand Bibliographyfor FY 1998,available
flame in microgravity due to the absence of buoyant acceleration online at http://peerl.idi, usra.edu/peer_review/tas_boot(
in the flow. Preliminary results reveal that the increase in air /micro/mg98/mtb. CFM.
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CombustionScienceTasksFundedbytheMicrogravityResearchDivisioninFY1998
(includes some continuing projects at no additional cost)

CombustionofSolidFuelinVeryLowSpeedOxygenStreams
JamesS.T'ien

Low-Velocity,Opposed-FlowFlameSpreadinaTransport-Controlled,Microgravity CaseWesternReserveUniversity,Cleveland,OH
Environment
Robert A. Altenkirch DropletCombustionExperiment
MississippiStateUniversity,MississippiState,MS Furman A. Williams

Universityof California,San Diego,La Jolla,CA
ReflightoftheSolidSurfaceCombustionExperimentWithEmphasisonFlame
RadiationNearExtinction
Robert A. Altenkirch

MississippiStateUniversity,MississippiState,MS EffectsofEnergyReleaseonNear-FieldFI0wStructureofGasJets
Ajay K. Agrawal

GravitationalEffectsOnLaminar,Transitional,andTurbulentGas-JetDiffusionFlames Universityof Oklahoma,Norman,OK
M. Y. Babadori

Scienceand TechnologyDevelopmentCorporation,LosAngeles,CA RadiantExtinctionofGaseousDiffusionFlames
ArvindAtreya

CandleFlamesin Microgravity Universityof Michigan,Ann Arbor,MI
Daniel L. Dietrich
Lewis ResearchCenter,Cleveland,OH MulticomponentDropletCombustioninMicrogravity:SootFormation,Emulsions,

Metal-BasedAdditives,andtheEffectofInitialDropletDiameter
InvestigationofLaminarJetDiffusionFlamesinMicrogruvity:AParadigmforSoot c.T. Avedisian
ProcessesinTurbulentFlames CornellUniversity,Ithaca,NY
Gerard M.Faeth
University of Michigan, Ann Arbor, MI Gas-PhaseCombustionSynthesisofMetalandCeramicNanoparticles

RichardL. Axelbaum

UnsteadyDiffusionFlames:Ignition,Travel,andBurnout WashingtonUniversity,St.Louis,MO
Frank Fendcll

TRW Spaceand ElectronicsGroup, RedondoBeach,CA IgnitionandCombustionofBulkMetalsinMicrogravity
MelvynC. Branch

FlammabilityDiagramsofCombustibleMaterialsinMicrogravity Universityof Colorado,Boulder,CO
A. C. Fernandez-Pello
Universityof California,Berkeley,CA ModelingofMicrogravityCombustionExperiments-- PhaseII

JohnD. Buckmaster
FundamentalStudyofSmolderingCombustioninMicrogravity Universityof Illinois,Urbana-Champaign,Urbana, IL
A. C. Fernandez-Pello
Universityof California,Berkeley,CA ANumericalModelforCombustionofBubblingThermoplasticMaterialsin

Microgravity
IgnitionandtheSubsequentTransitiontoFlameSpreadinMJcrogravJty KathrynM. Butler
Takashi I<ashiwagi National Instituteof Standardsand Technology,Gaithersburg,MD
National Instituteof Standardsand Technology,Gaithersburg,MD

HeterogeneousCombustionofPorousSolidFuelParticlesUnderMicrogravity:A
TheHigh-LewisNumberDiffusive-ThermalInstabilityinPremixedGasCombustionComprehensiveTheoreticalandExperimentalStudy
andLow4emperatureHydrocarbonOxidationandCoolFlames HarshaK. Chelliah
Howard G. Pearlman Universityof Virginia,Charlottesville,VA
Lewis Research Center, Cleveland, OH

BuoyancyEffectsontheStructureandStabilityofBurke-SchumannDiffusion
StudiesofPremixedLaminarandTurbulentFlamesatMicrogravity Flames
PaulD. Ronney L.- D. Chen
Universityof SouthernCalifornia,Los Angeles,CA Universityof Iowa, IowaCity, IA

IgnitionandFlameSpreadofLiquidFuelPools GravitationalEffectsonPremixedTurbulentFlames:MicrogravityFlameStructures
Howard D. Ross RobertK. Cheng
LewisResearchCenter,Cleveland,OH LawrenceBerkeleyLaboratory,Berkeley,CA

CombustionExperimentsinReducedGravityWithTwo-ComponentMiscibleDroplets SootingandRadiationEffectsinDropletCombustion
BenjaminD. Shaw Mun Y.Choi
Universityof California,Davis,CA Universityof Illinois,Chicago,IL
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CombustionofInteractingDropletArraysinaMicrogravityEnvironment StudiesofFlameStructureinMicrogravity
Daniel L. Dietrich Chung K. Law
LewisResearchCenter,Cleveland,OH PrincetonUniversity,Princeton,NJ

InteractionofBurningMetalParticles ChemicalInhibitorEffectsonDiffusionFlamesinMicrogravity
Edward L. Dreizin GregoryT. Linteris
The Titan Corporation,Princeton,NJ National Instituteof Standardsand Technology,Gaithersburg, MD

InternalandSurfacePhenomenainHeterogeneousMetalCombustion ComputationalandExperimentalStudyofLaminarDiffusionFlamesina
Edward L. Dreizin MJcrogravJtyEnvironment
The Titan Corporation,Princeton,NI MarshallB.Long

Flame-VortexInteractionsImagedinMicrogravity YaleUniversity,New Haven, CT

James E Driscoll DynamicsofLiquidPropellantCombustionatReducedGravity
Universityof Michigan,Ann Arbor,MI StephenB.Margolis

Aerodynamic,Unsteady,Kinetic,andHeatLossEffectsontheDynamicsand SandiaNational Laboratories,Livermore,CA

StructureofWeaklyBurningFlamesJnMicrogravJty StructureandDynamicsofDiffusionFlamesJnMicrogravity
Fokion N. Egolfopoulos MosheMatalon

Universityof SouthernCalifornia,Los Angeles,CA Northwestern University,Evanston,IL

DetailedStudiesontheStructureandDynamicsofReactingDustyFlowsatNormal FiltrationCombustionforMicrugravityApplications:(1)Smoldering,(2)Combustion
andMicrogravity SynthesisofAdvancedMaterials
Fokion N. Egolfopoulos Bernard !.Matkowsky
Universityof SouthernCalifornia,Los Angeles,CA Northwestern University,Evanston,IL
EffectsofGravityonShearedandNonshearedTurbulent,Ron-PremixedFlames

CombustionofPTFE:TheEffectofGravityonUltrafineParticleGeneration
Said E. Elghobashi J.T. McKinnon
Universityof California,Irvine, CA ColoradoSchoolof Mines,Golden,CO
SootProcessesinFreelyPropagatingLaminarPremixedFlames
Gerard M.Faeth PremixedTurbulentFlamePropagationinMicrogravity
Universityof Michigan,Ann Arbor,MI SureshMenon

GeorgiaInstituteof Technology,Atlanta,GA
CombustionofElectrostaticSpraysofLiquidFuelsinLaminarandTurbulentRegimes
AlessandroGomez GravitationalInfluencesonFlamePropagationThroughNonuniformPremixedGas
YaleUniversity,New Haven, CT Systems(Layers)

FletcherJ.Miller
CharacteristicsofNon-PremixedTurbulentFlamesinMicrogravity National Center for MicrogravityResearchon Fluidsand
Uday Hegde Combustion,Cleveland,OH
National Center for MicrogravityResearchon Fluids and
Combustion,Cleveland,OH AFundamentalStudyoftheCombustionSynthesesofCeramic-MetalComposite

MaterialsUnderMicrogravJtyConditions-PhaseII
Three-DimensionalFlowinaMicrogruvityDiffusionFlame John J. Moore
JeanR. Hertzberg ColoradoSchoolof Mines,Golden,CO
Universityof Colorado,Boulder,CO

StretchedDiffusionFlamesinVonKarmanSwirlingFlowsCombustionSynthesisofFullerenesandFullerenicNanostructuresinMicrogravity
Jack B.Howard VedhaNayagam
MassachusettsInstituteof Technology,Cambridge,MA NationalCenter for MicrogravityResearchon Fluids and

Combustion,Cleveland,OH
UnsteadyNumericalSimulationsoftheStabiLityandDynamicsofFlamesin
Microgravity FlowandAmbientAtmosphereEffectsonFlameSpreadatMicrogravity
K. Kailasanath PaulD. Ronney
Naval ResearchLaboratory,Washington,DC Universityof SouthernCalifornia,Los Angeles,CA

Real-Time,Quantitutive,Three-DimensionalImagingufDiffusionFlameSpecies CombustionofUnconfinedDropletClustersJnMJcrogravity
DanielJ.Kane GaryA. Ruff
SouthwestSciencesInc.,SantaFe, NM DrexelUniversity,Philadelphia,PA

SootandRadiationMeasurementsinMicrogravJtyTurbulentJetDiffusionFlames QuantitativeMeasurementofMolecularOxygeninMicrogravityCombustion
Jerry C. Ku JoelA. Silver
Wayne StateUniversity,Detroit,MI SouthwestSciencesInc.,Santa Fe, NM
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NumericalModelingofFlameBallsinFuel-AirMixtures
MitchellD. Smooke
YaleUniversity,New Haven, CT

CombustionofRotating,Spherical,Premixed,andDiffusionFlamesinMicrogravity
SiavashH. Sohrab
Northwestern University,Evanston, IL

DiffusionFlameStructure,Shape,andExtinction:GeometricalConsiderations
loseL. Torero
Universityof Maryland,CollegePark, MD

InteractionsBetweenFlamesonParallelSolidSurfaces
David L. Urban
Lewis ResearchCenter,Cleveland,OH

StudiesofWind-AidedFlameSpreadOverThinCellulosicFuelsinMJcrogravity
Indrek S.Wichman
MichiganStateUniversity,East Lansing, MI

High-PressureCombustionofBinaryFuelSprays
Forman A. Williams
Universityof California,San Diego,La Jolla,CA

LaserDiagnosticsforFundamentalMJcrogravityDropletCombustionStudies
MichaelWinter

United TechnologiesResearchCenter,East Hartford, CT

CombustionofaPolymer(PMMA)SphereinMicrogravity
liann C. Yang
National Instituteof Standardsand Technology,Gaithersburg,MD



FluidPhysicsOverview

Fluid physicsis the study of the motion of fluids and the study oculareffectsof diabeteswith the dual objectivesof
effectsof such motion.Sincethree of the four statesof matter earlydetectionof the diseaseand combatingitsadverse
(gas,liquid, and plasma)are fluid, and even the fourth (solid) effectson human eyesight.Prior to study on humans, the
behaveslike a fluid under many conditions, fluid physics fiber-opticeyeprobewill be usedto collectmeasurementson
encompassesa wide spectrumof industrial,aswell as natural, sand rats,a proven modelfor diabetesin humans. An agree-
processesand phenomena.Fluid motionsare responsiblefor most ment to collaborateon joint researchprojectsfocusedon dia-
transport and mixingthat take placein the environment, in betes,especiallyconcerningits effectson ocular tissue,was
industrialprocesses,in vehicles,and in living organisms.The reachedbetweenNASA'sMicrogravityResearchDivision,
ultimategoalof researchin fluid physicsis to improveour ability NASA'sOfficeof Life and MicrogravitySciencesand
topredict and control the behaviorof fluids.Fluid motionin Applications,the Electro-OpticsBranchof the FDA's Center
mostsituationsis stronglyinfluencedbygravity.The low-gravity for Devicesand RadiologicalHealth, and the FDA'sOffice
environmentof Earth orbit offersa powerful researchtool for the of Scienceand Technology.These projectswilluse laser light
study of fluidphysics,enablingthe observationand controlof scattering technologydevelopedby NASA. NASA and the
fluidphenomenain waysnot possibleon Earth. Experiments FDA will share researchdata from thesejoint projectsand
conductedin this environment haveclearlydemonstrated the publish relateddata in open scientificliterature.

value ofmicrogravity byrevealing resultsthat arc either corn- • Noel Clark, of the Universityof Colorado,reportedthe first
pletely unexpectedor unobservablein Earth's gravitational observationof macroscopicchiraldomains(areasof asym-
field. These resultsare providing new insight into the behavior metry) in a fluid phaseofachiral, or symmetric,molecules,a
of fluids in terrestrial environments, major discoveryincondensedmatter science.Thisobservation

The microgravityfluid physicsprogram currentlyhas four followsstudiesof the relationshipbetweenmacroscopicand
major researchareas:complexfluids, interracialphenomena, molecularchiralitythat were begun byLouisPasteur in
dynamicsand instabilities,and multiphaseflowsand phase 1848.Pasteur found that crystalsofa molecularlychiral salt
change.There are 106ground-basedand 20flight and flight deft- of"racemic acid" existedin left- and right-handed forms.
nition principal investigators(PIs)conductingresearchaswell as The left-and right-handedmoleculesspontaneouslysegregate
developingthe theoreticalframework for understanding the into macroscopicallychiral crystals.Subsequently,there have
effectsof gravityon processesinvolvingfluids.Work in complex beenmany observationsof coexistingdomainsof opposite
fluidscoversresearchinvolvingcolloids,foams,granular media, handednesscrystallizedfrom moleculesthat arechiral as
rheologyof non-Newtonian fluids,and emulsionsand suspen- wellas from achiral isotropicsolutions(achiralmolecules).In
sions.Researchersstudying interfacialphenomenaare interested the latter cases,the moleculesadopt chiral conformations,
in liquid-vaporinterfaceconfigurations,contactline dynamics, which packmore effectivelythan achiralconformations.
capillary-drivenflows,and the shapestabilityand breakupofliquid However,in the 150yearssincePasteur'sresearch,all obser-
bridgesand drops. Studiesof dynamicsand instabilitiesinclude vationsof suchspontaneouschiral segregationhavebeen
researchon thermocapillaryand thermosolutalflows,biofluid made in crystalphases.Clark's is the firstobservationin a
mechanics,geologicalfluid flows,pattern formation,and electro- fluid.Researchersare interestedin chiralitybecauseof its
kineticsand electrochemistry.Work in multiphaseflowsand influenceon the phasebehaviorand macroscopicstructure
phasechange includesstudiesof flowpatterns in liquid-vapor/gas of liquid crystals.

flowsinmicrogravity,nucleateboilingand its control using • G. Paul Neitzel,of the GeorgiaInstituteof Technology,
acousticand electricfieldsin microgravity,and flowsof gas-solid co-authored the coverstory"When Liquids StayDry,"
and liquid-solidmixtures in microgravity, which appearedin the January 1998issueof PhysicsToday.

Through a rigorouspeer reviewprocess,39researcherswere In the article,Neitzeldescribeshow under certainconditions,
selectedto receivegrants from a totalof 228who submittedpro- two drops of a single liquid canbe pressedagainstone
posalsin responseto the NASA ResearchAnnouncementfor another in air and held in placeindefinitely,without coalesc-
microgravityfluid physicsthat was releasedinDecember 1996. ing,liketwoballoonsdeformedunderpressure.This surprising
These grants totalmore than $13millionovera four-yearperiod behaviorof liquidshas beenexplainedonly recently,and its
and include 6flight definitionand 33ground-basedinvestiga- technologicalimplicationsare stillbeingexplored.
tions.A listingof all of the fluid physicsgrants, alongwith their

• The dynamicsof a fluidsurfacefilledwith high-amplitudePIs, is provided in Table5.
rippleswere studiedby SethPutterman, of the Universityof

Somehighlightsof the microgravityfluidphysicsprogram California,Los Angeles,using diffusinglight photography,
activitiesduring fiscalyear (FY)1998are includedbelow, which resolvesthe height of the ripplesat all locations
• An interagencyagreementbetweenNASA and the Food instantaneously.Even when nonlinearitiesare strongenough

and Drug Administration (FDA) was signedfor the useof a to generateKolmogorovcascades(encounteredin turbulent
NASA-developednovelfiber-opticprobe technologyto flows)from longwavelength(whereenergyis input) to
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shorter wavelength, the resulting turbulent state contains Meetings,Awards,andPublications
large coherent spatial structures. The appearance of these

The second Heat Transfer Gallery was held at the
structures in a thermal equilibrium state (with the same

International Mechanical Engineering Congress and Exhibition
average energy) would be highly improbable. This work

in Dallas, Texas, in November 1997. At the session, photographs
provides new insight into the structure and properties of tur-
bulence, which are considered to be the last major unsolved were displayed depicting various processes that occur in the presence
problems in theoretical physics, of temperature gradients. Eight of the highest-rated displays

were selected for publication in the special section of the ASME
• !ohn Tarbell, of Pennsylvania State University, reported a [American Society of Mechanical Engineers] Journal of Heat

major breakthrough in understanding the function of Transfer, vol. 130, August 1998.Of the eight selections, three were
endothelial cells (ceils that line internal body cavities) in regu- from fluid physics Pls.
lacing transport in the cardiovascular exchange system. His A video, "Water Balloon Rupture in Low Gravity," by Mark

research helps to explain how alterations in blood flow in Weislogel, of Lewis Research Center (LeRC), and Seth Lichter, of
microgravity can affect transvascular exchange and consequent Northwestern University, was submitted to the Gallery of Fluid

fluid volume shifts that affect astronauts and suggests a variety Motion and displayed at the November American Physical
of possible approaches for pharmacologic intervention to regu- Society meeting in San Francisco, California. The video was

late endothelial hydraulic conductivity in microgravity, selected to appear in the Physicsof Fluids Gallery of Fluid Motion
• Philip Marston, of Washington State University, and his edition. The video shows normal- and slow-motion clips of large

research team members have confirmed that single bubble water balloons ruptured in the low-gravity environment of
sonoluminescence (SBSL) produced by an ultrasonic standing LeRC's DC-9 aircraft.
wave in a spherical flask of water is not quenched by the tran-

The Fourth Microgravity Fluid Physics and Transport
sition from hypergravity to reduced gravity produced by Phenomena Conference, held in Cleveland, Ohio, on August 12-14,
NASA's KC-135 aircraft. Sonoluminescence ("light from 1998,was attended by 364 scientists and engineers from around

sound"), first discovered in 1990,is the result of extremely the world. The International Space Station (ISS) was the theme
nonlinear pulsations of gas/vapor bubbles in liquids when sub- for this highly successful conference at which the scientific com-
ject to sufficientlyhigh-amplitude acoustic pressures. In a single

collapse, a bubble's volume can be compressed more than a munity was apprised of the research opportunities planned for
the station. The conference was organized by the NCMRfc, a

thousandfold in lessthan a microsecond. Even the simplest
consideration of the thermodynamics yields pressures on the newly established organization whose charter includes promoting

research in microgravity fluid physics and combustion science by
order of 10,000atmospheres and temperatures of at least
10,000K. It isnot surprising that light should be emitted from exploring and developing various types of programs that will

enhance the interplay among scientists from a variety of disciplines.such an extreme process. Acoustically induced light emission
The following meetings and conferences of note also tookfrom SBSL has proven to be one of the most exciting and per-

plexing problems in physics in the last decade, place during FY !998:

* The National Center for Microgravity Research on Fluids Meeting/Conference Date
and Combustion (NCMRfc) was invited to participate in the

University of Minnesota's Center for Interfacial Engineering NuclearReactorTherm0hydraulics October1997
(CIE) annual Fall Meeting, held in Minneapolis, Minnesota,
September 14-16, 1998.The CIE is a National Science AmericanPhysicalSociety'sDivisionofFluid November1997
Foundation (NSF) Engineering Research Center founded in DynamicsMeeting
1988and supported by the University of Minnesota, NSF, TheAmericanInstituteofChemical November1997
and member companies. In a special poster session, Engineers'AnnualMeeting
NCMRfc presented an overview of NASA-sponsored work
in microgravity fluid physics with particular relevance to TheAmericanSocietyofMechanical November1997

Engineers'InternationalMechanical
thin films and coatings. A number of promising industrial EngineeringCongressandExposition
contacts were made with senior management and research

representatives from companies including Xerox, Kodak, ThirdIndiaSocietyofHeatandMassTransfer/ December1997
and Goodyear. Fluid physics discipline working group AmericanSocietyofMechanicalEngineers'Heat
member Matthew Tirrell, of the University of Minnesota, andMassTransferConference
was instrumental in establishing many of these contacts. A TheAmericanInstituteofAeronauticsand January1998
potential future collaboration between the NCMRfc and the Astronautics']2thAnnualMicr0gravity
CIE will be explored. ScienceandSpaceProcessingSymposium
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InternationalForum-- SecondConferenceon January1998 drained, triaxial compression soil specimen experimentswere
ApplicationofThermophysicsinMicrogravity performed at very low effective confining stresses of 0.05, 0.52,

and 1.30kilopascals. Three experiments were subjected to

InstituteforMultifluidScienceandTechnology February1998 monotonicloadingand unloadingcycles,whiletheotherthree
TheAmericanPhysicalSociety'sMarchMeeting March1998 experiments were subjected to cyclic loading. The results show

very high peak strength friction angles in the range of 47.6 to
Space'98 andRobotics'98 Presentations April1998 70.0 degrees, which are mainly due to overconsolidation and

grain-interlocking effects. It was observed that the residual

LasersandElectr0-Optics,International May1998 strength levels in the monotonic loading experiments were in theQuantumElectronicsConference
same range as those observed at higher confining stress levels.

SummerSchoolonSoftCondensed May1998-June1998 The dilatancy angles were unusually high, in the range of 30 to
MatterPhysics 31 degrees. All specimens displayed substantial initial stiffness

and elastic moduli during unloading and reloading events, which
TheAmericanSocietyofMechanicalEngineers' June1998 are nearly an order of magnitude higher than conventional theories
FluidsEngineeringConference predict. A periodic instability phenomenon, which appears to

ThirdInternationalConferenceonMultiphaseFI0w June1998 result from the buckling of multiple internal arches and columnar
systems augmented by stick-slips, was observed in the experiments.

The13thInternationalCongressonEyeResearch July1998 Computed tomographymeasurementsrevealedvaluabledata
about the internal fabric of the specimens and the specimens'

ThirdAnnualMicr0fabricatJ0nandMicr0fluidic August1998 deformationpatterns.Uniformdiffusebifurcationwithmultiple
TechnologiesConference radial shear bands was observed in the specimens tested in a

1lthInternationalHeatTransferConference August1998 microgravityenvironment.In theaxialdirection,twomajorconical
surfaces were developed. Spatial nonsymmetrical deformations
were observed in specimens tested in a terrestrial laboratory.

Dudley Saville, of Princeton University, won the prestigious
1997American Institute of Chemical Engineers' (AIChE's) The Collisions Into Dust Experiment (COLLIDE) was the
Alpha Chi Sigma Award. This award is given annually by first microgravity experiment to study the effects of collisions in
AIChE in recognition of"outstanding accomplishments in funda- planetary rings and protoplanetary disks. This Get Away Special
mental or applied chemical engineering research." experiment, which flew on STS-90 in April 1998,was designed

and built with strong student involvement at the Laboratory for
Amir Faghri, dean of engineering at the University of

Connecticut, received the 1998Thermophysics Award for "sig- Atmospheric and Space Physics at the University of Colorado,
nificant and substantial contributions in developing both simple Boulder. The PI isJoshua Colwell, of the University of Colorado,

Boulder. Unique low-energy impact experiments were performedand advanced thermophysical models -- notably in evaporation,
on simulated planetary regolith, the fine powder coating the surfacessolidification and melting, free surface flows, and phase change."
of most bodies in the Solar System, such as asteroids, ring parti-

Microgravity fluid physics Pls published numerous papers in cles, and the Moon. The goal of COLLIDE was to understand
prestigious journals, such as Science,Nature, the Journal of Fluid the partitioning of energy in collisions at less than 1 meter/second
Mechanics,PhysicalReview Letters, PhysicalReview, Langrnuir, impact velocity -- speeds characteristic in the early protoplane-
Physicsof Fluids, International Journal of Heat and Mass Transfer, tary nebula and planetary ring systems. Results from COLLIDE
Optics Letters, and the Journal of Colloidsand Interface Science. showed that surface forces in the regolith prevent the release of

The Optical Society of America's (OSA's) journal, Appked any significant amount of dust ejecta in low-energy impacts.
Optics, published photographs of the Physics of Hard Spheres Production of dust in some planetary rings is therefore primarily
Experiment hardware and colloidal crystals grown in space on a result of micrometeoroid bombardment. This unexpected
the front cover of its special issue titled "Lasers, Photonics, and result poses new questions about the high abundance of dust
Environmental Optics." This feature issue of Applied Optics con- observed in Neptune's ring arcs, for example. The absence of
tains a selection of papers on photon correlation and scattering ejecta and the low-rebound velocities of the impactors (2-3 percent
presented at the OSA Topical Meeting August 21-24, 1996, in of impact velocity) confirm ground-based studies suggesting that

Capri, Italy. the presence of regolith aids the process of binary accretion in
early planet formation. The absence of dust ejecta in the COL-

FlightExperiments LIDE impacts points to a sensitive transition region in impact
The second flight of the Mechanics of Granular Materials parameter space between collisions that produce significant

(MGM) experiment was conducted during the STS-89 mission quantities of ejecta (seenin ground-based studies at higher energies)
in January 1998.MGM had flown previously on STS-79 in and those that produce no ejecta. Mapping this parameter space
September 1996.The PI for the experiment is Stein Sture, of the will provide sensitive constraints on models of ring evolution and
University of Colorado, Boulder. Six displacement-controlled, planetesimal formation.
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The Growth and Morphologyof SupercriticalFluids This experimentwill be conductedin the Expedite Processingof
(GMSF) experiment,alsoknown asGrowth and Morphology, ExperimentstoSpaceStation(EXPRESS)rack,locatedin the
Boiling,and CriticalFluctuationsin Phase-Separating U.S. laboratorymoduleof thestation.The scientificgoalsof this
SupercriticalFluids, isa collaborativeexperimentbetweenthe experimentare to studyfundamentalcolloidphysicsquestions,
United Statesand Francethat will be installedand run inthe colloidengineering(usingcolloidsas precursorsfor the fabrication
French ALICE-II facilityon the Russianspacestation,Mir. The of novelmaterials),and propertiesof new materials and their
AmericanPI is John Hegseth,of the Universityof New Orleans. precursors.Weitzand Puseyplan toconduct testson sevensam-
The French co-investigatorsare Daniel Beysens,of the French piesof selectedbinarycolloidalcrystals,emulsions,colloid/polymer
atomicenergycommissionin Grenoble,France, and Yves mixtures,and fractalcolloidgels.The designof flight hardware
Garrabos,of the Universityof Bordeaux.GMSF consistsof three has beencompletedand all of the flight hardware is on hand for
experiments.One experimentdistinguishestwo growth rate laws assembly.The Phase 011safetyreviewwas completedwith
that dependon the densitydeviationfrom the criticalpoint stand- JohnsonSpaceCenter'sSafetyBoard.The PI team hassuccessfully
ard stateand the sizeof the temperature stepin going from a testedthe low-anglelight scatteringtechnique,which is being
one-phasefluid toa two-phasefluid. A secondexperimentwill implementedin the flight hardware. Mostof the colloidalsamples
examinerapid interfacedynamicswhen going from a two-phase for flight havebeendeliveredby the PI. PCSis now scheduledto
state toa one-phasestate(supercriticalboiling)using the same be launchedin July 2000.
fluidas the firstexperiment.The third experimentwill quantify

The ExtensionalRheologyExperiment (ERE), designedbythe randomnessof densityfluctuationstructures that are smaller
than the "correlationlength"verycloseto the liquid-vaporcritical Gareth McKinley,of the MassachusettsInstituteof Technology,is

intended to providethe firstunambiguous,quantitativedensityand temperature. This experimentwill be conductedover
a 40-dayperiod, measurementsof the transient,uniaxial,extensionalviscosityfor a

viscoelasticpolymersolutionand to examinethe relaxation
The goal of the Capillary-PumpedHeat Transfer (CHT) behaviorfollowingextensionaldeformation.The test fluidselected

investigation,designed byKevin Hallinan,of the Universityof for ERE is a Bogerfluidcomposedof 0.025weight percentof
Dayton,and conductedon the first MicrogravityScience high molecularweight (MW)monodispersepolystyrene(MW =
Laboratory(MSL-1) missioninJuly 1997,was to investigate 2 million)dissolvedin oligomericpolystyrene.The completetest
instabilitiesand failuresin capillary-pumpedloops(CPLs)in matrix involveseight non-Newtoniantestson the Bogerfluid
microgravity.CPLs require no powerand canbe used in satellites coveringthe Deborahnumber range of 0.10to 10.0,and two
to transfer heat with highefficiencyfrom electricalcomponents Newtonian testsusing the oligomericpolystyreneonly.The
to spaceradiators.CPLs haveproven to be unreliablein space experimentswillbe conductedon a TerrierBlack-Brantsounding
operations,and while explanationhasbeenelusive,CHT rocket withan MK70booster.The soundingrocket provides300
answeredmany questions.The gloveboxinvestigatordid observe secondsof microgravitytime.A totalof fiveflightsare neededto
the instabilitiesin the evaporatormeniscus,asexpected,for a cap- completethe 10-testmatrix(2 tests/flight).The first flight is
illaryheat transfer devicein microgravity.For heat input from scheduledfor the mid-1999timeframe.The authority-to-proceed
the vapor sideof the meniscus,the instabilities,though present, reviewwas conductedbythe MicrogravityResearchProgram
had little impacton the operationof the device.For heat input on Officeand approvalwasgranted. Severalkeydevelopmentmile-
the liquid sideof the meniscus,the instabilitiesproducedmuch stoneswere completed,includingthe criticaldesignreview,pay-
more violentoscillations.In someinstances,theseoscillations load designreview,and completionof the flight hardware design.
causedsomeof the liquid in the condensertobe ejected,ultimately The test fluid wasformulated bythe PI and deliveredto LeRC.

All the flight hardware componentsareon hand and assemblycollectingand bridging in the bend sectionof the vapor return
line, therebydisrupting the deviceoperation.Evaporator dryout has started.
followed.The latter type of instabilityis not observedon Earth The ColloidalGelation (CGEL) experiment is a gtovebox
due to the restoring effectof gravity.One of the more striking investigationthat will further colloidresearchthrough the study
observationsof this experiment,however,was that evenif the of three kinds of colloids:binary alloycolloids,which are colloids
evaporatormeniscuswas stable,the operationof both test devices possessingparticlesof different sizes;colloidpolymers,which are
wasdisruptedbythe formationofa liquidslug in thevapor return colloidsthat in addition to havingsphericalparticles,alsohave
line.Thisunderscoresthe importanceofinterracialphenomenain long,chain-likemolecules;and fractalcolloidaggregates,which
determiningtheequilibriumor low-energyliquid-vaporinterface are colloidswith repeatingstructuralpatterns or networks.
configurationsin microgravityenvironments.These effects,if not CGEL was conductedon STS-95in October 1998.Prior to

properlyaccountedfor,caneasilylead to failureor undesirable launch,Pls Weitz and Puseycarefullyformulated the colloidal
operationof capillary-drivendevices, samplesfor flight and turned thera over to LeRC for loadinginto

The Physicsof Colloidsin Space(PCS) experiment, the flight cells.Flight hardware was deliveredand the colloidal
designedbyDavid Weitz, of the Universityof Pennsylvania,and samplecellswere prepared. The sampleswere delivereda few
Peter Pusey,of the Universityof Edinburgh, is slatedto become daysprior to the launch to prevent settlingand formation of
the firstfluid physicsexperiment tobe carriedout on the ISS. undesirablestructures.
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The Colloidal Disorder-Order Transition (CDOT) glovebox The Internal Flows in Free Drops (IFFD) glovebox investi-
investigation was designed to test fundamental theories that gallon, designed by PIs Satwindar Sadhal, of the University of
describe atomic behavior. First conducted on the second United Southern California, and Eugene Trinh, of the Jet Propulsion

States Microgravity Laboratory (USML-2) in 1995, CDOT Laboratory, was conducted on MSL-1. The first accurate data for

showed some totally unexpected behavior of colloids in micro- drop deformation as a function of acoustic pressure were obtained
for a sample located at the pressure minimum plane in the ultra-

gravity. To learn and expand on the knowledge gained from the
sonic standing wave. IFFD was repeated on the STS-95 mission

first flight, Paul Chaikin, of Princeton University, and William with the addition of a stinger heater to introduce differential
Russel, of Princeton University, developed new test samples, and heating of the drop so that thermocapillary flows could be
the flight hardware was improved to provide better light scattering observed.

data during its second flight on STS-95. Prior to launch, the The FY 1998 ground and flight tasks for fluid physics are
flight hardware was delivered and the colloidal samples were listed in Table 5. Further details regarding these tasks may be
prepared and sent to LeRC for loading into the flight cells. The found in the complementary document Microgravity Research
samples were delivered a few days prior to the launch to prevent Division Program Tast(sand Bibliography for FY 1998, available
settling and formation of undesirable structures, onlineat http://peerl.idz_usra.edu/peerremew/tast(bool_/micro/mg98/mtb.CFM.

inFY1998
(includes some continuing projects at no additional cost)

BubbleDynamicsonaHeatedSurface
Mohammad Kassemi

Two-PhaseGas-LiquidFlowsinMicrogravity:ExperimentalandTheoretical National Center for Microgravity Research on Fluids and
InvestigationoftheAnnularFlow Combustion,Cleveland,OH
Vemuri Balakotaiah

University ofHouston,Houston,TX Magnetorheologica[Fluids:RheologyandNonequilibriumPatternFormation
Jing Liu

TheDynamicsof Dis0rder-0rderTransitionsinHardSphereColloidalDispersions California State University, Long Beach, CA
Paul M. Chaikin

Princeton University, Princeton, NJ StudiesofGas-ParticleInteractionsina MicrogravityFlowCell
Michel Y. Louge

CollisionsIntoDustExperiment Cornell University, Ithaca, NY
Joshua E. Colwell
University of Colorado, Boulder,CO MicrogravityExperimentstoEvaluateElectrostaticForcesinControlling

CohesionandAdhesionofGranularMaterials
InvestigationsofMechanismsAssociatedWithNucleateBoilingUnder JohnR.Marshall
MicrogravityConditions Ames Research Center, Moffett Field, CA
Vijay K. Dhir
University of California, Los Angeles, CA TheDynamicsofMiscibleInterfaces:ASpaceFlightExperiment

Tony Maxworthy
TheMeltingofAqueousFoams(FoamOpticsandMechanics) University of Southern California, Los Angeles, CA
Douglas J. Durian
University of California, Los Angeles, CA ExtensionalRheologyExperiment

Gareth H. McKinley
MicroscaleHydrodynamicsNearMovingContactLines Massachusetts Institute of Technology, Cambridge, MA
Stephen Garoff
Carnegie Mellon University, Pittsburgh, PA StudyofTwo-PhaseGas-LiquidFlowBehavioratReduced-GravityConditions

JohnMcQuillen
GrowthandMorphology,Boiling,andCriticalFluctuationsofPhase-Separating Lewis Research Center, Cleveland, OH
SupercriticalFluids
John Hegseth PoolBoilingExperiment
University of New Orleans, New Orleans, LA Herman MerLeJr.

AnExperimentalStudyof Richtmyer-MeshkovInstabilityinLowGravity University of Michigan, Ann Arbor, MI
Jeffrey W. Jacobs IndustrialProcessesInfluencedbyGravity
University of Arizona, Tucson, AZ Simon Ostrach

MicrogravitySegregationinBinaryMixturesofInelasticSpheresDrivenby Case Western Reserve University, Cleveland, OH
VelocityFluctuationGradients SurfaceTension-DrivenConvectionExperiment(STDCE-1,STDCE-2)
James T. Jenkins Simon Ostrach
Cornell University, Ithaca, NY Case Western Reserve University, Cleveland, OH
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DiffusingLightPhotographyofContainerlessRippleTurbulence MarangoniInstability-InducedConvectioninEvaporatingLiquidDroplets
SethJ. Putterman V.S. Arpaci
Universityof California,Los Angeles,CA Universityof Michigan,Ann Arbor,MI

BehaviorofRapidlyShearedBubblySuspensions NumericalSimulationofElectrochemicalTransportProcessesinMicrogravity
Ashok S.Sangani Environments
SyracuseUniversity,Syracuse,NY SanjoyBanerjee

StudiesinElectrohydrodynamJcs Universityof California,Santa Barbara,CA
Dudley A. Saville ControlofFlowingLiquidFilmsbyElectrostaticFieldsinSpace
Princeton University,Princeton,NJ S.G. Bankoff

Northwestern University,Evanston,IL
ThermalControlandEnhancementofHeatTransportCapacityofCryogenic
Capillary-PumpedLoopsandHeatPipesWithElectrohydrodynamJcs ForcedOscillationofPendantandSessileDrops
Jamal Seyed-Yagoobi Osman A. Basaran
TexasA&MUniversity,CollegeStation,TX Purdue University,WestLafayette,IN

MechanicsofGranularMaterials DynamicsofGranularMaterials
Stein Sture RobertP.Behringer
Universityof Colorado,Boulder,CO Duke University,Durham, NC

ThermocapillaryMigrationandInteractionsofBubblesandDrops InvestigationofDropFormationbyaVortexRinginMicrogravity
R. S.Subramanian Luis P.Bernal
Clarkson University,Potsdam,NY Universityof Michigan,Ann Arbor, MI

AStudyoftheConstrainedVaporBubbleHeatExchanger DynamicModelingoftheMicrogravityFlow
Peter C. Wayner Jr. JeremiahU. Brackbill
RensselaerPolytechnicInstitute,Troy,NY LosAlamosNational Laboratory,Los Alamos,NM

PhysicsofColloidsinSpace InertialEffectsinSuspensionDynamics
David A. Weitz JohnF.Brady
Universityof Pennsylvania,Philadelphia,PA CaliforniaInstituteof Technology,Pasadena,CA

ColloidalAssemblyinEntropicallyDriven,LowVolumeFractionBinaryParticle MarangoniEffectsonNear-BubbleMicroscaleTransportDuringBoilingofBinary
Suspensions FluidMixtures
Arjun G. Yodh Van P.Carey
Universityof Pennsylvania,Philadelphia,PA Universityof California,Berkeley,CA

RewettJngofMonogrooveHeatPipeinSpaceStationRadiators
S.H. Chan

ExperimentalandAnalyticalStudyofTwo-PhaseFlowParametersinMicrogravity Universityof Wisconsin,Milwaukee,WI

Davood Abdollahian Structure,Hydrodynamics,andPhaseTransitionsofFreelySuspendedLiquidCrystals
S.Levy Inc.,Campbell,CA Noel A. Clark

TheSynergismofElectrorheologicalResponse,Dielectrophoresis,andShear- Universityof Colorado,Boulder,CO

InducedDiffusioninFlowingSuspensions DustyPlasmaDynamicsNearSurfacesinSpace
Andreas Acrivos JoshuaE. Colwell
City Collegeof the City Universityof New York,New York, NY Universityof Colorado,Boulder,CO

DynamicsandStaticsofNonaxisymmetricLiquidBridges FluidInterfaceBehaviorUnderLow-andZero-GravityConditions
J. Iwan D. Alexander PaulConcus
CaseWestern ReserveUniversity,Cleveland,OH Universityof California,Berkeley,CA

UltrasonicThermalFieldImagingofOpaqueFluids InterfaceMorphologyDuringCrystalGrowth:EffectsofAnisotropyandFluidFlow
C. D. Andereck SamR. Coriell
Ohio StateUniversity,Columbus,OH NationalInstituteof Standardsand Technology,Gaithersburg,MD

ScientificStudiesandTechnologicalPotentialofAcousto-ElectrJcallyGenerated ScalingofMultJphaseFlowRegimesandInterfacialBehavioratMicrogravity
DroporParticleClustersandArrays Christopher J. Crowley
RobertE. Apfel Creare Inc.,Hanover,NH

YaleUniversity,New Haven,CT PhoreticandRadiometricForceMeasurementsonMicropartidesUnder
FluidPhysicsofFoamEvolutionandFlow MicrogravityConditions
HassanAref E.J. Davis
Universityof Illinois,Urbana-Champaign,Urbana, IL UniversityofWashington,Seattle,WA
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CellandParticleInteractionsandAggregationDuringElectrophoretJcMotion InstabilityMechanismsinThermallyDrivenInterfacialFlowsinLiquid-
Robert H. Davis EncapsulatedCrystalGrowth
UniversityofColorado, Boulder,CO HosseinH@Hariri

Thermocapillary-lnducedPhaseSeparationofDispersedSystemsWithCoalescence Universityof Virginia,Charlottesville,VA
Robert H. Davis AStudyoftheMJcroscaleFluidPhysicsintheNearContactLineRegionofan
UniversityofColorado, Boulder,CO EvaporatingCapillaryMeniscus

Kevin P.Hallinan
TheoryofSolidification Universityof Dayton,Dayton, OH
Stephen H. Davis
NorthwesternUniversity,Evanston,IL EngineeringofNovelBiocolloidalSuspensions

Daniel A. Hammer
Spectral-ElementSimulationsofThermalConvectionina RotatingHemispherical Universityof Pennsylvania,Philadelphia,PA
ShellWithRadialGravityandComparisonWithSpace-LaboratoryExperiments
Anil Deane AGeophysicalFlowExperimentinaCompressibleCriticalFluid
Universityof Maryland,CollegePark, MD John Hegseth

Universityof New Orleans,New Orleans,LA
AttenuationofGasTurbulencebyaNearlyStationaryDispersionofFineParticles
John K. Eaton ExperimentalInvestigationofPoolBoilingHeatTransferEnhancementin
StanfordUniversity,Stanford,CA MicrogravJtyinthePresenceofElectricFieldsCila Herman
MagnetothermalConvectioninNonconductingDiamagneticandParamagnetic JohnsHopkinsUniversity,Baltimore,MD
Fluids
BoydF. Edwards RheologyofFoamNeartheOrder-DisorderTransitionR. G. Holt
West Virginia University,Morgantown,WV BostonUniversity,Boston,MA

EffectsofGravityonShearedTurbulenceLadenWithBubblesorDroplets SonoluminescenceinSpace:theCriticalRoleofBuoyancyinStabilityandEmission
SaidE. Elghobashi Mechanisms
Universityof California,Irvine,CA R.G. Holt

Evaporation,Boiling,andCondensationon/inCapillaryStructuresofHighHeat BostonUniversity,Boston,MA

Flux,Two-PhaseDevices ProblemsinMicrogravityFluidMechanics:ThermocapillaryInstabilitiesand
Amir Faghri G-JitterConvection
Universityof Connecticut,Storrs,CT George M. Homsy
TheInfluenceofGravityonColloidalCrystallizationandField-Induced StanfordUniversity,Stanford,CA
Aggregation Surfactant-BasedCriticalPhenomenainMicrogravJty
AliceP.Gast Eric W. Kaler
Stanford University,Stanford,CA Universityof Delaware,Newark, DE

DefinitionofDustAggregationandConcentrationSystemfortheMicrogravity BubbleGenerationina FlowingLiquidMediumandResultingTwo-PhaseFlowin
SpaceEnvironment Microgravity
Frank J. Giovane YasuhiroKamotani
Naval ResearchLaboratory,Washington,DC CaseWestern ReserveUniversity,Cleveland,OH

MaterialInstabilitiesinParticulateSystems StudiesinThermocapillaryConvectionoftheMarangoni-BGnardType
JoeD. Goddard Robert E. Kelly
Universityof California,SanDiego,La Jolla,CA Universityof California,Los Angeles,CA

ThermoacousticEffectsataSolid-FluidBoundary:TheRoleofaSecond-Order Two-PhaseAnnularFlowinHelicalCoilFlowChannelsinaReduced-Gravity
ThermalExpansionCoefficient Environment
Ashok Gopinath Edward G. Keshock
Naval PostgraduateSchool,Monterey,CA ClevelandStateUniversity,Cleveland,OH

PlasmaDustCrystallization InvestigationofPoolBoilingHeatTransferMechanismsinMicrogravityUsingan
JohnA. Goree ArrayofSurface-MountedHeatFluxSensors
Universityof Iowa,Iowa City, IA Jungho Kim

Capillary-ElasticInstabilitiesJnMJcrogrovity Universityof Denver,Denver,CO
JamesB.Grotberg WeaklyNonlinearDescriptionofParametricInstabilitiesinVibratingFlows
Universityof Michigan,Ann Arbor, MI Edgar Knobloch

DeterminationoftheAccommodationCoefficientUsingVapor/GasBubble Universityof California,Berkeley,CA
DynamicsinanAcousticFieldinMicrogravityConditions MolecularDynamicsofFluid-SolidSystems
Nail A. Gumerov Joel Koplik
Dynatherm Inc.,Fulton, MD City ColLegeof the CityUniversityof New York,New York,NY22



ThermocapJllaryConvectionJnLowPrMaterialsUnderSimulatedReduced-Gravity FluidDynamicsandSolidificationofMoltenSolderDropletsImpactingona
Conditions SubstrateinMicrogravity
Sindo Kou ConstantineM. Megaridis

Universityof Wisconsin,Madison,WI Universityof Illinois,Chicago,IL

ElectricField-InducedInterfacidInstabilities AStudyofNucleateBoilingWithForcedConvectionJnMicrogravity
Robert E. Kusner Herman MerteJr.
Lewis ResearchCenter,Cleveland,OH Universityof Michigan,Ann Arbor,MI

DeterminationofInterfacialRheologicalPropertiesThroughMicrogravityMicroscopicVisualizationofFluidFlowinEvaporatingDropletsandElectro-
OsmoticFlows OscillationsofBubblesandDrops

All Nadim
RonaldLarson BostonUniversity,Boston,MA
Universityof Michigan,Ann Arbor, MI

NMRIMeasurementsandGranularDynamicsSimulationsofSegregationof
TheBreakupandCoalescenceofGasBubblesDrivenbytheVelocityGradientsof GranularMixtures
a NonuniformFlow MasamiNakagawa
L. G. Leal ColoradoSchoolof Mines,Golden,CO
Universityof California,SantaBarbara,CA

NoncoalescenceEffectsinMicrogravity
InteractionForcesandtheFlow-InducedCoalescenceofDropsandBubbles G.P.Neitzel
L. G. Leal GeorgiaInstituteof Technology,Atlanta,GA

Universityof California,Santa Barbara,CA ProductionandRemovalofGasBubblesinMicr0gravity
TheMicromechanicsoftheMovingContactLine HasanN. Oguz
Seth Lichter JohnsHopkins University,Baltimore,MD

NorthwesternUniversity,Evanston,IL ProductionofGasBubblesinReduced-GravityEnvironments
AbsoluteandConvectiveInstabilityandSplittingofaLiquidJetatMicrogravity Hasan N. Oguz

Sung P.Lin JohnsHopkinsUniversity,Baltimore,MD

ClarksonUniversity,Potsdam,NY WavesinRadialGravityUsingMagneticFluid

RheologyofConcentratedEmulsions Daniel R. Ohlsen
MichaelLoewenberg Universityof Colorado,Boulder,CO

YaleUniversity,NewHaven,CT OntheBoundaryConditionsatanOscillatingContactLine:APhysical/Numerical

InvestigationofThermalStressConvectioninNonisothermalGasesUnder ExperimentalProgramMarcPerlin
MicrogravJtyConditions Universityof Michigan,Ann Arbor,MIDanielW.Mackowski
AuburnUniversity,Auburn,AL ExperimentalStudiesofMultiphaseMaterialsUsingNuclearMagneticResonance

(NMR)andNMRImaging
TheDissolutionofanInterfaceBetweenMiscibleLiquids RobertL. Powell
JamesV.Maher Universityof California,Davis,CA
Universityof Pittsburgh, Pittsburgh,PA

DynamicsofAcceleratedInterfaces:ParametricExcitationandFluidSloshingin
PassiveorActiveRadiationStressStabilizationof(andCouplingto)LiquidBridges ClosedContainersandOpenTanks
andBridgeNetworks ConstantinePozrikidis
PhilipL. Marston Universityof California,SanDiego,La Jolla,CA

WashingtonState University,Pullman,WA AcousticBubbleRemovalFromBoilingSurfaces
SingleBubbleSonoluminescenceinLowGravityandOpticalRadiationPressure AndreaProsperetti
PositioningoftheBubble JohnsHopkins University,Baltimore,MD

Philip L. Marston ContainerlessRippleTurbulence
Washington StateUniversity,Pullman,WA SethJ.Putterman
FundamentalProcessesofAtomizationinFluid-FluidFlows Universityof California,LosAngeles,CA

Mark I. McCready ComplexDynamicsinMarangoniConvectionWithRotation
Universityof Notre Dame, Notre Dame, IN Hermann Riecke

AnInterferometricInvestigationofContactLineDynamicsinSpreadingPolymer NorthwesternUniversity,Evanston,IL
MeltsandSolutions DecouplingtheRoleofInertiaandGravityonParticleDispersion
Gareth H. McKinley Chris B. Rogers
MassachusettsInstitute ofTechnology,Cambridge,MA Tufts University,Medford,MA 23



Design/InterpretationofMkrogrovityExperimentstoObtainFluid/Solid MkrogravJtyEffectsonTransendothelialTransport
BoundaryConditionsinNonisothermalSystems lohn M. Tarbell
Daniel E. Rosner PennsylvaniaStateUniversity,UniversityPark, PA

YaleUniversity,NewHaven,CT ThePodBoilingCrisisFromFlatPlates:Mechanism(s)andEnhancement
Ground-BasedStudiesofInternalFlowsinLevitatedLaser-HeatedDrops TheofanisG. Theofanous
Satwindar S. Sadhal UniversityofCalifornia,SantaBarbara,CA
Universityof SouthernCalifornia,Los Angeles,CA

StudiesofParticleSedimentationbyNovelScatteringTechniques
TerrestrialExperimentsonG-JitterEffectsonTransportandPatternFormation Penger Tong

MichaelE Schatz Oklahoma StateUniversity,Stillwater,OK
Georgia InstituteofTechnology,Atlanta, GA

AcousticStreaminginMicrogravity:FlowStabilityandHeatTransferEnhancement
Free-SurfaceandContact-LineMotionofLiquidsinaMicrogravityEnvironment EugeneH. Trinh
Leonard W.Schwartz Jet PropulsionLaboratory,Pasadena,CA

Universityof Delaware,Newark,DE ComputationsofBoilinginMicrogravity
DropBreakupinFlowThroughFixedBedsasModelStochasticStrongFlows Gretar Tryggvason
Eric S. Shaqfeh Universityof Michigan,Ann Arbor, MI

StanfordUniversity,Stanford,CA FluidPhysicsinaStochasticAccelerationEnvironment
LateralMotionofParticlesandBubblesCausedbyPhoreticFlowsNearaSolid JorgeVifials
Interface FloridaStateUniversity,Tallahassee,FL
Paul J. Sides
CarnegieMellonUniversity,Pittsburgh, PA EnhancedBoilingonMicroconfiguredCompositeSurfacesUnderMJcrogravity

Conditions
FluidPhysicsandTransportPhenomenaResearchSupport NengliZhang
BhimSingh OhioAerospaceInstitute,Cleveland,OH

Lewis ResearchCenter,Cleveland,OH TheSmall-ScaleStructureofTurbulence
SoluteNucleationandGrowthinSupercritkalFluidMixtures Gregory Zimmerli
Gregory T. Smedley National Center for MicrogravityResearchon Fluidsand
California Instituteof Technology,Pasadena,CA Combustion,Cleveland,OH

TheDevelopmentofNovel,High-Flux,HeatTransferCellsforThermalControlin
MJcrogravity
Marc K. Smith
Georgia Instituteof Technology,Atlanta, GA

DynamicsoftheMoltenContactLine
Ain A. Sonin

MassachusettsInstituteof Technology,Cambridge,MA

ModelingofTransportProcessesinaSolidOxideElectrolyzerGeneratingOxygen
onMars
K. R. Sridhar
Universityof Arizona, Tucson,AZ

MarangoniEffectsonDropDeformationandBreakupJnanExtensionalFlow:The
RoleofSurfactantPhysicalChemistry
KathleenJ. Stebe
JohnsHopkins University,Baltimore,MD

StabilityofShapesHeldbySurfaceTensionandSubjectedtoFlow
PaulH. Steen

CornellUniversity,Ithaca,NY

InstabilitiesinSurfaceTension-DrivenConvection
Harry L. Swinney
Universityof Texas,Austin, TX

CrystalGrowthandFluidMechanicsProblemsinDirectionalSolidification
SalehTanveer

OhioStateUniversity,Columbus,OH

24



FundamentalPhysicsOverview

Scienceis driven byhuman curiosityaboutnature. In the techniques.The goalsand researchareas laidout in the road
study of fundamentalphysics,scientistswish to uncoverand map promisea scientificallyrewarding, technologicallychalleng-
understand the basicunderlyingprinciplesthat govern the ing,flexible,and excitingprogram of fundamentalphysics
behaviorof the world around us.Fundamental physics,therefore, researchin space.

establishesa foundation for manyother branchesof scienceand Gravitationaland relativisticphysicsis perhapsthe most
providesthe intellectualunderpinning neededto maintainand fundamentalarea of physics.Physicistshavedetermined that
further developour highly technologicalsociety.Researchersin there are four kinds of forcesthat operate on matter:gravity,
the disciplinehave two burning queststhat motivatelaboratory electromagnetism,and the "strong" and "weak" forceswithin
studiesand experimentsin space.First, they seek toexploreand atomicnuclei.Gravityis the weakestof theseforces,yetparadox-
understand the fundamental physicallaws governingmatter, icallyit is themostdominant,asit canact oververygreat distances.
space,and time. Deep examinationof the smallestand largest In fact, everybit of matter in the universeis under the influence,
building blocksthat make up the universewill yielda better even ifinfinitesimallyso,of everyother bit of matter.Relativity
understanding of the basicideas,or theories,that describethe theoriesproposethat gravitationalforcesapplyequivalentlyto all
world.The spaceenvironment providesaccessto differentspace- bodies,regardlessof their makeup.Furthermore, Einstein's
timecoordinatesand freesexperimentersfrom the disturbing Theory of General Relativityputs gravity at the heart of the
effectscausedby gravityon Earth. Second,researchersseekto structureof the universe,proposingthat eventhe orderlyspace-
discoverand understandthe organizingprinciplesof nature timestructureof the universecanbe "warped" near a bodyof
from which structureand complexityemerge.While the basic large mass,suchas the Sun or Earth. This warp would even
lawsof nature maybe simple,the universe that has arisenunder affect clocks.While these changesto the very fabricof spaceand
theselaws is amazinglycomplexand diverse.By studyingnature timenear a largebodyare dramatic in their importance,theyare
apart from Earth's gravity,we canunderstand betterhow the alsoverysubtleand difficultto measureaccurately.Yet they are
universedevelopedand how best toemploytheseprinciplesin largeenough that theymust be taken into accountevenin routine
serviceto humanity, astronomyobservationsand in measuring the positionof satel-

The pursuit of these questswillgreatlybenefit societyover litesand planets.Advancedtechnologiesmust be usedto detect
the long run. For example,the study of physicallawsand natural and characterizetheseminute changes,so that the corrections
principleswith unprecedentedprecisionrequiresadvancesin due to relativisticphenomenacanbe precise.The fundamental
instruments,and these instrumentationadvancesin turn provide physicsprogram currently is sponsoring the development of
the foundation for tomorrow'sbreakthrough technologies.These severalexperimentsdesignedto improveaccuracyin themeasure-
advancescontribute to the competitivenessof American industry mentof theseeffectsand to test the basicfoundationsfor
and further supportand enhancehuman presencein space.The Einstein'stheory.

pursuit of knowledgealsoservesto educatetomorrow'sscientists While studiesingravitationaland relativisticphysicsexamine
and technologistsand to fulfillthe innate human desire to under- the most fundamental lawsdescribingthe universeon a large
stand our placein the universe.Humankind's conceptof the uni- scale,it is equally important to lookat the tiny buildingblocksof
verseis changing rapidlyas the toolsthat NASA placesin space, matter and how theymanifest the same fundamental laws.Laser
suchas the Hubble SpaceTelescope,detectnew astronomical coolingand atomicphysicsexaminesthis area. Atoms are the
objectsand novelevents;the understandingof thesephenomena smallestsystemsin which we can study the basicprinciplesof the
dependsstronglyon the detailsof our understanding of funda- universe.New techniquesallowthe useof laser light to cooland
mental forcessuchas gravity, probe individualatomsas a starting point for exploration.

A significantaccomplishmentin fiscalyear(FY) 1998was Carefulstudy of individualatomsbridgesthe gap betweenthe
the developmentof the Road Map for FundamentalPhysicsin smallestpiecesofmatter and the complexbehavioroflargesystems.
Space.This roadmap spellsout an aggressiveresearchprogram Furthermore, conductingtheseexperimentsin spaceallows
from which NASA'sfuture researchand technologydevelopment researchersto removethe influenceof gravityand manipulate
activitiesin fundamentalphysicscan be established.More than matter freely,without having tocounteract"falling"of the speci-
100scientists,technologists,and educatorsunder the leadership menswithin the instruments.The abilityto observethe behavior
of the fundamental physicsdisciplineworking group participated ofatomscompletelyunder the experimenter'scontrolpromises
in the developmentof the roadmap document.The roadmap novelresultsand new insightspreviouslyhidden from view in
identifiestwo long-term goalsof the researchprogram (the Earth-boundlaboratories.The NASA fundamental physicspro-
questsdescribedabove)and three researchareas:gravitational gram is developingspaceexperimentsto study cloudsof atoms
and relativisticphysics(GRP),lasercoolingand atomic physics cooledby laserlight toverynear absolutezero, yet freelyfloating
(LCAP), and low-temperatureand condensedmatter physics without the forcesthat would be neededto contain them on
(LTCMP).There is significantsynergyacrossthe three research Earth. Thesenovelconditionsallowmeasurementsof higher
areasboth in termsof scientificoverlapand overlapinexperimental precisionand longerobservationtimes.These techniquesare also
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beingemployedtodevelopimprovedclocks,both for testing basic Somenotablescientificachievementsduring FY 1998are
theoriesof nature and for technologicalapplicationsin space, listed below:

Like lasercoolingand atomicphysics,low-temperatureand • Robert Chaveand his team at the Jet PropulsionLaboratory
condensedmatter physicsis the study of fundamental lawsof (JPL) and the CaliforniaInstituteof Technology(Caltech)
nature on a small scale,at the atomic level.Condensedmatter havereceivedone patent and contributed 10NASA New
physicistsexaminethe propertiesof solidsand liquids,the states TechnologyReportsdescribingapplicationsof the magne-
of matter in which atomsare condensed,or packed closely tostrictivematerialsbeingdevelopedunder their Advanced
together.Of particularinterest tophysicistsis the behaviorof con- TechnologyDevelopmenttask. The devicesdescribedrange
densedmatter as it nears criticalpoints,or conditionsof pressure from a magnetostrictivevalvefor the regulation of temper-
and temperatureat which the propertiesof twodifferent phases ature in cryosurgicalprobes to a liquid heliumvalve,and
of matter becomesimilar.For example,a substanceat the include magnetostrictiveinertial reactionmotorsand heat
liquid!vaporcriticalpointexhibitsno distinctionbetweenthe liquid switches.

phaseand the vaporphase.Propertiesof the substanceoften dis- • Robert Duncan, of the Universityof New Mexico,and the
playanomaliesat a criticalpoint.Manyof the unusualphenomena CriticalDynamicsin Microgravityteam haveobtainedmea-
exhibitedat criticalpoints canbestbe studied at low tempera- surementsof the thermal conductivityin liquid helium very
tures, where thermal noise(heat-inducedvibration)is much near the superfluid/normalfluid interfacethat demonstrate
reduced. By understanding the complexcriticalbehaviorof the nonlinearityin this property,whichhas beenpredicted
low-temperature materials, such as liquid helium, we will learn by theoristsbut has neverpreviouslybeenobserved.
more about the criticalpropertiesof many systems,such as

• Kurt Gibble,of YaleUniversity,made the firstmeasure-metallic alloys,magnetic materials,groups of fundamental par-
ticles,and even larger-scalephenomena, such as the percolation mentsof p-wave scatteringcrosssectionsin cesiumat low
of water or the movement of weather patterns, all of which temperatures.
exhibit criticalpoint behavior.Becausecriticalpoint behavior is • Daniel Heinzen, of the Universityof Texas,made the first
a function not only of temperature but alsoof pressure, the pres- observationof Feshbachresonancesin laser-cooledatoms.

sure must be uniform throughout the sampleunder observation. • Mark Kasevich,of Yale University,achievedBose-Einstein
Gravity causespressure differencesin a sample, so the critical condensation(BEC)in his laboratory.
phenomena can onlybe observed in a very small region. If an

• WolfgangKetterle,of the MassachusettsInstituteof
experiment is conducted in space,the pressure canbe uniform

Technology(MIT), demonstratedBECconfinementusing
acrossthe sample,and much more comprehensivemeasurements laser light and also demonstrated the excitation of two
can be made. Furthermore, in microgravity,a drop of the sample
can be freely suspended without the interferenceof a container, different spin statesin a singlecondensate.
This freedom from external constraintsis not possibleinan • Richard Packard, of the Universityof California,Berkeley,
Earth-bound laboratory, has discoveredthat superfluid4Hepassingthrough a small

Ongoinginvestigationssponsoredby the fundamental apertureemits acousticnoise,whichcan be explainedin a
physicsprogramstudy the behaviorof mixturesand confined modelanalogoustoshot noisein a conductor.This experi-

ment isa preliminarysteptowardobservingacousticradiationmedia and test the universalityof criticalphase transitionsand
at the Josephsonfrequencyin 4He,a resultof fundamentalthe scalinglawsat suchpoints. In addition,the dynamic behavior

is studied to detectpredictednonlinear responsesto driving significanceto theunderstandingof thismacroscopicquantum
forces,and the effectsof finitesize and of boundariesare studied system.In addition,the Berkeleygroup recentlydescribeda
near criticalpoints.For example,studiesare being performedof superfluid3Hephenomenonwhere DC currentsarecreated

when the }'osephsonfrequencyof a superfluidweaklinklarge-scalequantum systemsto learn the hydrodynamicsof such
matchesthe frequencyof an externalperturbation.The effectsystemsand of the melting and freezingof quantum crystals.
may be usedto developa future superfluidquantum inter-

Of the 86proposalsreceivedin responseto the 1996funda- ferencedevice,a potentialsensitiverotationsensor.Recently,
mental physicsNASA ResearchAnnouncement(NRA), 26 Packard'sgroup has discoveredthe phenomenonof third
grants were awarded. Three of thesenew grants are in GRP; 9 soundin superfluid3He.
are in LCAP; and 14are in LTCMP.Sixof the new grants are for
fight definition tasks.Eighteen of the principal investigators • Resultsfrom the ground-basedinvestigationshavebeen
(PIs)selectedare new to the NASA communityof researchers, publishedin 26presentations,58proceedingspapers,and 91

articlesin refereed journals,adding up to a totalof 192bibli-and two, WilliamPhillips,of the National Instituteof Standards
and Technology(NIST), and David Lee,of CornellUniversity, ographiclistings.
are Nobel laureatesin physics.The 1996NRA grants bringthe • The investigationshavesupported 38studentswho are
totalnumber of investigationsin microgravityfundamental working toward their doctoraldegrees,5master'sstudents,
physicsto54-- 10flight or flightdefinitionprojectsand 44 and 16undergraduate students.Eight graduate students
ground-basedstudies, receivedtheir doctoraldegrees inFY 1998.
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Meetings,Awards,andPublications California. The 78 attcndees heard reports of new experimental
data and theoreticalresultsrelating to thesedata, plus plans for

Participation by fundamental physicsresearchersin tech- new investigations.Internationalparticipantswere from China,
nologyconferencesis important topromote the cross-discipline England,Germany, Japan,and Russia.The program included38
aspectsof the field'sadvancedtechnologiesand make them avail- scientificpresentations,a discussionabout the RoadMap for
able for other space-and ground-basedapplications. FundamentalPhysicsin Space,and discussionsof flight hardware
Fundamental physicsresearchersparticipatedin the Space optionsfor the differentresearchareas.
Technology&ApplicationsInternationalForum, held January

The First Pan-PacificBasinWorkshop on Microgravity25-29, 1998,and in the Sixth InternationalConferenceand
Scienceswas heldat WasedaUniversityin Tokyo,Japan,JulyExpositionon Engineering,Construction,and Operationsin

Space,held April 26-30,1998.Bothmeetingswere held in 8-11, 1998.Morethan 200microgravityresearchersattended the
Albuquerque, New Mexico. conference.There were threesessionsin fundamentalphysics

with presentationsbyChinese,European, Japanese,Russian,and
ManyLTCMP investigatorsparticipatedin the annual U.S. researchers.EnterpriseScientistMark C. Leegavea spirited

March Meetingof the American PhysicalSociety(APS),held in talk on NASA'soverallvisionfor the next few decadesand

Los Angeles,California,March 16-20,1998.This forum provides demonstratedhow fundamentalphysicsis well-poisedto support
a unique opportunity to shareresultswith a verybroad crosssec- thisvision.
tion of the physicscommunityand servedagain thisyear to stim-
ulate awarenessof the microgravityprogramin fundamental The Committeeon SpaceResearchof the International
physicsand its accomplishments. Councilof ScientificUnions' Symposiumon Fundamental

The APS' Divisionof Atomic,Molecular,and Optical Physicsin Spacewas heldJuly 12-19,1998,in Nagoya,Japan.
The symposiumfeaturedsevensessions,including twoon testing

Physicsheld their annual meeting inSanta Fe, New Mexico,May
the equivalenceprincipleand oneon usingadvancedclocksin27 30, 1998.AllLCAP fundamental physicsPIs participatedin

the meeting. The meeting alsoincluded a panel discussion space.The IPL Road Map for FundamentalPhysicsin Spacewas
exploringpotentialcollaborationsbetweenNASA and the presented.
National ScienceFoundation in areasof scientificoverlap.The The officialkickoffmeeting of the multinationalSatellite
sciencecommunitywas generallyin favor of the ideasbrought Testof the EquivalencePrinciplestudy washeld at the
forward at this meeting. Universityof Bremen in Bremen,Germany,September9-11,

The 1998Institute of Electricaland ElectronicsEngineers' 1998.This meetingresultedin somesignificantprogress,including
InternationalFrequency Control Symposiumwas held in an agreementwith ESA'ssciencedirectorto reviewa new baseline
Pasadena,California,May26-29,1998.All clockinvestigators that expandsESA'scontribution to the study.Representativesof
were representedat thisannual meeting,which focuseson time- the Britishand German national fundingagencieswerealsopre-
keeping and frequency-controltechnologies, sent, which resultedin establishingfunding for participationin

the study by someof the nationallaboratorypersonnel.
Lute Maleki,of IPL, representedthe microgravityfunda-

mental physicsprogramat the European SpaceAgency(ESA) More than 50nationswere representedat the 49th
workshopon the AtomicClockEnsemblein Space(ACES)project InternationalAstronauticalCongressheld September28-October
held in Neuch_tel,Switzerland,June 12,1998.Collaborations, 2, in Melbourne,Australia.Mark C. Leepresenteda talk titled

including ideas for sharing technology,were discussedfor the "The NASA MicrogravityFundamental PhysicsProgram" at a
ACES project,whichwillinvolveflyinga laser-cooledcesiumclock plenarysessionof themeeting.A symposiumfocusingon the latest
and a hydrogenmaseraboardthe InternationalSpaceStation. developmentsin microgravitysciencesand processesfeatureda

fundamentalphysicssessiontitled "Gravity and Fundamental
The Symposiumon Quantum Fluids and Solidswas held

June 9-14, 1998,at the Universityof MassachusettsinAmherst, Physics."
Massachusetts.The symposiumwas partiallysponsoredby A workshopon PrecisionTime Transfer in Spacewas held
NASA and includedoral and poster sessionson fundamental in Boulder,Colorado,October 15-16,1998.It wasorganized by
physicsin microgravity.The oral sessionsincludedtalks by the NIST group to support the needsof their cesiumclock flight
Guenter Ahlers,of the Universityof California,SantaBarbara; definitionexperiment.Potentialtime transfer techniqueswere
Duncan; Ketterle;JohnLipa, of Stanford University;Humphrey identifiedand trade studiesare under way toevaluatetheir rela-
Maris,of Brown University;and Packard. The poster sessions tivemeritsbeforea baselineselectionis made.
includedmany contributionsbyPIs in the fundamental physics Fundamental physicsinvestigatorsgarneredseveralawards
program.Followingpeerreview,the proceedingswillbe published thispast year:

in the Journal of Low Temperature Physics. • David Ceperley, of the University of Illinois, was presented

The 1998NASA/JPL workshoptitled FundamentalPhysics theDaniel HeinemanAward for ComputationalPhysicsat
in Microgravity,took placeJune23-25, 1998,in Oxnard, theMarchMeetingof theAPS in LosAngeles,California.
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• David Goodstein,of Caltech,won the 1998OerstedMedal CriticalViscosityof Xenon (CVX) was conductedon the
of the AmericanAssociationof PhysicsTeachers,the highest STS-85mission,launchedAugust7, 1997.The raw data from
honor bestowedon a physicseducator, this verysuccessfulexperimenthavenowbeenconvertedtovalues

• WolfgangKetterlewas presentedthe 1998DiscoverAward of viscosity.The final data set is internallyconsistentand is also
for Emerging TechnologybyDiscoverMagazinefor his atom consistentwithground-based measurementsin the temperature
laserdevelopment, range where gravity'seffectsare negligible.As expected,the

observeddivergenceof viscosityis a factor oftwo larger than the• WilliamPhillipswas awarded the 1998APS Arthur L.
bestground-basedmeasurements.The exponentcharacterizing

SchawlowPrize in Laser Sciencefor his work indeveloping the divergenceis in excellentagreement with the value from amethodsfor magnetic trapping of laser-cooledatoms.
recent theory.Closeto the criticaltemperature (withinabout3Phillipswas alsoselectedas chair of the Divisionof Laser

Scienceof the APS. millikelvins),viscoelasticitycauseda rounding of the divergence
and the appearanceofan imaginary componentof viscosity.CVX

• Daniel Stamper-Kurn, a graduate student working on a providedan accuratetestof viscoelasticitytheory,and a paper,
fundamental physicsBEC experimentat MIT,was one of titled "Viscoelasticityof Xenon Near the CriticalPoint," is being
the winners of the 1998New FocusStudent Award of the submittedto the journal PhysicalReviewLetters.The principal
Optical Societyof America. investigatorhas proposeda follow-upflight investigationto mea-

• Nai-Chang Yeh,of Caltech,receivedthe 1998Outstanding sure the shear thinning predictedtooccur near the criticalpoint
YoungResearcherAward, givenbythe OverseasChinese ofa pure fluid. Byincreasingthe amplitude of the oscillating
PhysicsAssociation. screenby a factor of30, it should be possibleto measure shear

thinning within a fewmillikelvinsof the criticalpoint.Following
FlightExperiments an investigationcontinuationreview,NASA granted CVX-2 the

The ConfinedHelium Experiment (CHeX) had a successful authority to proceedtodevelopa flight experiment.The project
flight aspart of the fourth United StatesMicrogravityPayload teamat LewisResearchCenter is modifyingthe CVX-I hard-
(USMP-4)mission,launched November 19,1997.All compo- ware tomeet the new CVX-2 requirements.Flight hardware
nentsof the experimentperformed verywellduring the flight, availabilityis scheduledfor June 1999,with the possibilityof a
The heliumin the cryostatlasted for over 12dayson orbit, which flight investigationin late 1999.

representsa largeimprovementover the previousflightof the The CriticalFluid Light Scattering Experiment (Zeno) is
Lambda Point Experiment (LPE) in 1992.The high-resolution officiallycompleted.Zenowascarriedoutontwo separatemissions
thermometersperformed better than expected,achievinga reso- -- USMP-2 and USMP-3. The PI, Robert Gammon, is from the
lution of about 90picokelvinsin 1second.This is comparableto Universityof Maryland.The final NASA project reportshave
performanceon the ground, demonstrating that the design beensubmitted.The central archivaljournal publicationis still
implementedfor CHeX solvedthe cosmicrayheating issueexpe- pending further discussionby the peer communityof the inter-
rienced during the LPE flight.The instrument thermal control pretation of the measureddensityfluctuationrelaxationtimes.
systemperformed well, limitedprimarily byheat input from High-precisionmeasurementsof the relaxationtimes were
externalsources.Heat input was detected from the South obtained.The PI has used analysistechniquestoavoid biasof
AtlanticAnomaly,the cosmicraybackground, crewactivity,the the resultsfrom the non-equilibriumdensityin the fluidsample
primary thruster systems,the KU-band antenna, and the Space that was seenunexpectedlyduring data collection.The main
AccelerationsMeasurementSystemexperiment.Theseheating remainingdifficultyis in correlatingthe data with independent
effectsdid not significantlydegrade the fidelityof the sciencedata measurementsof other thermophysicalpropertiesof xenon using
collected.A totalof 2,450heat capacitymeasurementswere gath- current theory.
ered. Fifty-ninetotal scansacrossthe innermostregionof the The FY 1998ground and flight tasksfor fundamental
finite-sizeheat capacitypeak and fivehigh-temperaturescansout
to the wingsof the peak were performed.The collecteddata are physicsare listed inTable6. Further detailsconcerningthesetasksmaybe found in the complementarydocumentMicrogravity
currentlybeing analyzedto determinein detailthe heat capacity ResearchDivisionProgramTasksandBibliographyfor FY 1998,
curvenear the finite-sizepeak, the shiftof the peak from the availableonlineat http://peerJ.idi.usra.edu/peerreview/taskbook
bulk heliumvalue,and the specificheat behavioraboveand
belowthe transition.Overall, the curveappearsas expected,but Imicrolmg98/mtb.CFM.
there are someinterestingfeaturesthat appear not to agree with
current theories.Oncethe data analysisphase iscompleted,it is
clearthat the goalsof the experimentwillbe achieved.The
resultswillsignificantlyextend our understanding of the length
scalingof finite-sizeeffects.Bycombining the flight data with
ground measurementsat smallerconfinementdimensions,we
candeterminehow the finite-sizeeffectcanbe extrapolatedto
any lengthscaleof interest.
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FundamentalPhysicsTasksFundedbytheMicrogravityResearchDivisioninFY1998
(includessomecontinuingprojectsat no additionalcost)

TheLambdaTransitionUnderSuperfluidFlowConditions
TalsoC. Chui

BoundaryEffectsonTransportPropertiesandDynamic,Finite-SizeScalingNearthe JetPropulsionLaboratory,Pasadena,CA
SuperfluJdTransitionLineof4He
GuenterAhlers NucleationofQuantizedVorticesFromRotatingSuperfluidDrops
Universityof California,Santa Barbara,CA RussellJ. Donnelly

MicrogravityTestofUniversalityandScalingPredictionsNeartheLiquid-Gas Universityof Oregon,Eugene,OR
CriticalPointofaRe KineticandThermodynamicStudiesofMelting-FreezingofHeliuminMicrogravity
Martin B.Barmatz CharlesElbaum

JetPropulsionLaboratory,Pasadena,CA BrownUniversity,Providence,RI

CriticalViscosityofXenon SatelliteTestoftheEquivalencePrinciple
RobertF.Berg C.W. E Everitt

NationalInstituteof Standardsand Technology,Gaithersburg,MD StanfordUniversity,Stanford,CA

CriticalDynamicsinMicrogravJty CriticalDynamicsofAmbient-TemperatureandLow-TemperaturePhaseTransitions
RobertV.Duncan Richard A. Ferrell
Universityof New Mexico,Albuquerque,NM

Universityof Maryland,CollegePark, MD

InvestigationofFutureMicrogravityAtomicClocks FundamentalPhysicsUsingFrequency-StabilizedLasersasOptical"AtomicClocks"
Kurt Gibble JohnL. Hall
YaleUniversity,New Haven, CT Universityof Colorado,Boulder,CO
ExperimentsAlongCoexistenceNearTricrJticality
MeloraE. Larson PrecisionMeasurementsWithTrapped,Laser-CooledAtomsinaMicrogravity
JetPropulsionLaboratory,Pasadena,CA Environment

Daniel J. Heinzen
ConfinedHeliumExperiment Universityof Texas,Austin, TX
JohnA. Lipa
StanfordUniversity,Stanford,CA GravitationalEffectsinBose-EinsteinCondensateofAtomicGases

Tin-Lun Ha

FundamentalPhysicsExperimentsWithSuperconductingCavity-Stabilized Ohio StateUniversity,Columbus,OH
OscillatorsonSpaceStation
JohnA. Lipa CollisionalFrequencyShiftsNearZero-EnergyResonance
StanfordUniversity,Stanford,CA RandallG. Hulet

RiceUniversity,Houston,TX
ANewTestofCritical-PointUniversalitybyMeasuringtheSuperfluidDensityRear
theLambdaLineofHelium AQuantumDegenerateFermiGasof6LiAtoms
John A. Lipa RandallG. Hulet

StanfordUniversity,Stanford,CA RiceUniversity,Houston,TX

DevelopaLaser-CooledCesiumClockforScientificandTechnicalApplicationsinSpace DynamicMeasurementsAlongthekambdaLineofHeliuminaLow-Gravity
Donald Sullivan SimulatorontheGround
National Instituteof Standardsand Technology,Boulder,CO UlfE. Israelsson

JetPropulsionLaboratory,Pasadena,CA

TheSuperfluidTransitionof4HeUnderUnusualConditions TurbidityandUniversalityArounda Liquid-LiquidCriticalPoint
Guenter Ahlers Donald T. Jacobs
Universityof California,Santa Barbara,CA The Collegeof Wooster,Wooster,OH

NowPhenomenainStronglyCounterflowingHe-IInearT, Bose-EinsteinCondensateandAtomLaser:CoherenceandOpticalProperties
StephenT. Boyd Juha Javanainen
Universityof New Mexico,Albuquerque,NM Universityof Connecticut,Storrs,CT

PredictionofMacroscopicPropertiesofLiquidHeliumFromComputerSimulation AtomInterferometryinaMicrogravityEnvironment
David M. Ceperley Mark A. Kasevich
Universityof Illinois,Urbana-Champaign,Urbana, IL YaleUniversity,New Haven, CT

DropletsofaHe-4HeMixtures TowardsPrecisionExperimentsWithBose-EinsteinCondensates
Siu-TatChui WolfgangKetterle
Universityof Delaware,Newark, DE MassachusettsInstituteof Technology,Cambridge,MA
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SecondSoundMeasurementsNeartheTricrJticalPointin3He-4HeMixtures SuperfluidDensityofConfinedSHenear1,
MeloraE. Larson David Pearson

Jet PropulsionLaboratory,Pasadena,CA Jet PropulsionLaboratory,Pasadena,CA

StaticPropertiesof4HeinthePresenceofaHeatCurrentina Low-GravitySimulator EvaporativeCoolingandBoseCondensatesinMJcrogravJty:PicokelvinAtomsin
MeloraE. Larson Space
Jet PropulsionLaboratory,Pasadena,CA WilliamD. Phillips

National Instituteof Standards and Technology,Gaithersburg,MD
StudiesofAtomicFreeRadicalsStoredinaCryogenicEnvironment
David M. Lee AMicrogravityHeliumDilutionCooler
CornellUniversity,Ithaca,NY Pat R. Roach

AmesResearchCenter,MoffettField,CA
High-ResolutionStudyoftheCriticalRegionofOxygenUsingMagneticLevitation

FiniteSizeEffectsNeartheLiquid-GasCriticalPointof3He
John A. Lipa JosephRudnick
Stanford University,Stanford,CA Universityof California,Los Angeles,CA

Red-ShiftTestofGeneralRelativityonSpaceStationUsingSuperconductingCavity ResearchandAnalysisinSupportofProjectSEE(SatelliteEnergyExchange):Testof
Oscillators theEquivalencePrincipleandMeasurementofGravitationalInteractionParameters
John A. Lipa inanUltrapreciseMicrogravityEnvironment
StanfordUniversity,Stanford,CA AlvinJ.Sanders

ARenewalProposaltoStudytheEffectofConfinementonTransportPropertiesby Universityof Tennessee,Knoxville,TN

MakingUseofHeliumAlongtheLambdaLine DynamicsandMorphologyofSuperfluidHeliumDropsinaMicrogravity
John A. Lipa Environment
Stanford University,Stanford,CA GeorgeM. Seidel

BrownUniversity,Providence,RIATestofSupersymmetryTheorybySearchingforAnomalousShort-RangeForces
John A. Lipa PreciseMeasurementsoftheDensityandCriticalPhenomenaofHeliumNearPhase
Stanford University,Stanford,CA Transitions

Donald M.Strayer
TheoreticalStudiesofLiquidSHeNeartheSuperfluidTransition JetPropulsionLaboratory,Pasadena,CAEfstratiosManousakis

FloridaStateUniversity,Tallahassee,FL aHe-4HeMixturesandDropletsStabilizedJnCesiatedContainers
Peter Taborek

DensityEquilibrationinFluidsNeartheLiquid-VaporCriticalPoint University of California,Irvine,CA
Horst Meyer
DukeUniversity,Durham,NC Ground-BasedInvestigationsWiththeCryogenicHydrogenMaserandtheDouble-

BulbRubidiumMaser
IndiumM0no-10nOscillatorII RonaldL. Walsworth

Warren Nagourney SmithsonianInstitution,Cambridge,MA
Universityof Washington,Seattle,WA

SuperfluidGyroscopesforSpace
Richard E. Packard

Universityof California,Berkeley,CA

SearchforSpin-MassInteractionWithaSuperconductingDifferentialAngular
Accelerometer
Ha J. Paik
Universityof Maryland,CollegePark, MD

TheEffectofThermalHistory,TemperatureGradients,andGravityonCapillary
CondensationofPhase-SeparatedLiquid3He-'HeMixturesinAerogel
leevak M. Parpia
CornellUniversity,Ithaca,NY

NonlinearRelaxationandFluctuationsinaNonequilibrium,Near-CriticalLiquidWith
aTemperatureGradient
AlexanderZ. Patashinski

Northwestern University,Evanston, IL
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MaterialsScienceOverview

The goal of the microgravitymaterials scienceprogram is to firstmajormilestonefor thisimportantmaterialssciencecapability.
establishand improve the quantitativeand predictiverelation- Work with the European SpaceAgency(ESA)on negotiating
shipsin the structure,processing,and propertiesofmaterials, the scopeof a jointNASA/ESAmodulefor the facilitywasa signif-
Productionprocessesfor most materialsincludestepsthat are icantstepin establishingrequirementswith our international
veryheavilyinfluencedby the forceof gravity.Typicalgravity- partner engineeringteam.Currently, launch of the firstrackis
related effectson materialsscienceresearchincludebuoyancy- plannedforthethirdUtilizationFlight(UF-3)to the ISS.

driven convection,sedimentation,and hydrostaticpressure.The The ElectrostaticContainerlessProcessingSystemFacility,
opportunity to observe,monitor,and study materialproduction donated to MarshallSpaceFlight Center (MSFC)bySpace
in lowgravitypromisesto increaseour fundamentalunderstanding Systems/Loral,is now operationalfor flight definitionand
of productionprocessesand their effectson the propertiesof the ground-basedinvestigators.The officialhandover of the facility
materials produced.Through carefulmodelingand experimenta- to MSFCtook placein July.With this new capability,MSFC can
tion,the mechanismsbywhich materialsare formed canbe better provide criticalresourcesto the microgravitymaterialsscience
understood and can resultin improvedprocessingcontrols.In researchcommunity tocontinueand enhanceground-based
this way,materials scientistscan designnew metal alloys,semi- researchin supportof the developmentofexperimentsduring the
conductors,ceramics,glasses,and polymers.These new materials transitionto flight.Processinglevitatedmaterialsrepresentsan
canbe used to improvethe performanceof a wide range of prod- importantarea of researchin microgravitymaterialsscience.This
ucts,includingcomplexcomputers,and stronger,more durable method providesaccessto the metastablestate of an undercooled
metal alloysmay be manufactured. (supercooled)melt.By levitatingmaterialsso that theyare free

Several important events took placeduring fiscal year(FY) from contactwith the wallsofa container,a high-purityenviron-
1998,including the flight of the fourth United States ment canbe obtainedfor the study of reactive,high-temperature
MicrogravityPayload (USMP-4) missionin November 1997. materialsand for investigationsof refractorysolidsand melts.
The missioncarried four microgravitymaterials scienceexperi- These capabilitiesare criticalto the researchof severalPls in the
ments and two materials sciencegloveboxinvestigations microgravitymaterialsscienceprogram.
onboard. To ensure that experimentsget toorbit, the materials The developmentof dendritic growth hardware in FY
scienceprogram emphasizessupporting principal investigators 1998aided current flight definition researchersby providing
(PIs) in the flight definitionphaseby providing NASA data and feasibilitytests for low-temperature,isothermal systems
resources to help the investigatorsthrough the scienceconcept and PI-defined testchambers.The equipment and supporting
review(SCR)and requirements definition review(RDR) capabilitiesfor dendritic growth were moved into the ground
processesin a timely manner. Multiple scienceand engineering support area of the newly opened MicrogravityDevelopment
teamswere establishedto assistthe PI teams in developing Lab last fall.The hardware development is important for a
experiment concepts,identifying technology,modeling,testing number of investigations,includingstudiesusing the model
for feasibility,and prototyping hardware, material succinonitrile,which researchershope will advance the

In FY 1998,the materials scienceprogram continued work predictabilityof metal castingmethods. Other activitiesin the
on projects in support of the Human Exploration and dendriticgrowth area involvedthe designof a robusttestchamber,
Developmentof Space(HEDS) Enterprise Strategic Plan. The stinger tips to produce a singlecrystalwithin a controlled emer-
plan outlines enterprise goals, performance measurements,and genceangle, and a high-resolution digital opticssystem.Allof

this developmentwork will provide the basisfor designingandmetrics.An assessmentof the progressmade by the microgravity
materials scienceprogram toward fulfillingHEDS goalswas developinga flexibleisothermalfacilityto support many current

and future microgravity researchers.presented to the associateadministrator for life and microgravity
sciencesand applications. The 1998NASA ResearchAnnouncement (NRA)for

The developmentof the MaterialsScienceResearchFacility materials sciencewas issuedin December t998,and proposals
are due in early 1999.Four SCRswere completed for projects

(MSRF)conceptwas completed.The MSRF is designedto
accommodatea diversegroup of microgravitymaterialsscience selectedin the 1994NRA. SCRsfor the remaining projectsselectedin 1994and those selectedin 1996will be held in 1999.It
experimentson the InternationalSpaceStation(ISS).The facility
includesthree independentMaterialsScienceResearchRacks is anticipated that a number of materialsscienceRDRs will be
(MSRRs)containinginsert modulesthat canbe interchanged and completed inFY 1999.
replacedon orbit. Refinementof the configurationoptionswas
completed,and a budget plan wasbaselinedwith earlyemphasis
on defining the concept for the first MSRR. Formulation of a science Meetings,Awards,andPublications
requirementsenvelopefor initial investigatorswas established AmesResearchCenter hostedthe SecondPhase 1 Research
and reviewedduring the year.A systemsrequirementsreviewfor Program Interim ResultsSymposiumMarch30-April 1,1998,in
the first rack was held inJuly,thus successfullycompletingthe MoffettField, California.The conferenceemphasizedscience
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results from shuttle/Mir Increments 4 and 5. Initial results for science, and radiation. A total of 56 papers were presented, of
NASA's Liquid Metal Diffusion experiment and the Canadian which 16 were microgravity presentations. Michael Banish, a PI

Space Agency's (CSA's)Queen's University Experiment in Liquid in the microgravity materials science program, presented results
Diffusion were presented, from the Liquid Metal Diffusion experiment. The symposium

The First Pan-Pacific Basin Workshop on Microgravity also had international participation with ten presentations by
Sciences took place in Tokyo, Japan, July 8-11, 1998.As a member Russians and two by Canadians.

of the organizing committee, N. Ramachandran, of the Reza Abbaschian, professor and chair of the Department of
Universities Space Research Association, coordinated the abstract Materials Science and Engineering at the University of Florida,
submissions from the United States and Canada. Approximately received the Minerals, Metals, and Materials Society's (TMS')
160papers, including 25by PIs in the microgravitymaterials science 1998Educator Award. The award honors Abbaschian as an out-

program, were presented in 38 sessionsover three-and-a-half standing educator, leader, researcher, and inventor who provides
days. Presentations covered all aspects of microgravity research a standard for today's academician. In addition to this award,

-- biotechnology, combustion, fluids, fundamental physics,life TMS also chose Abbaschian for the 1999Leadership Award,
sciences, materials, and experimental technology. More than 250 which honors an individual who has demonstrated outstanding
people attended the meeting. Keynote addresses on the opening leadership in the fields of metallurgy and materials.

day were given by A. B. Sawaoka (representing Japan), Arnauld Martin Glicksman, of Rensselaer Polytechnic Institute, was
Nicogossian (NASA headquarters), Yuri Ossipyan (Russia),and

awarded the 1998Space Processing Award by the AmericanWen-Rui Hu (China). Nicogossian's talk focused on salient find-
Institute of Aeronautics and Astronautics (AIAA) at the 36th

ings from space shuttle and Mir missions and offered a perspective
on future scienceactivities on the ISS. Aerospace Sciences Meeting. This prestigious award, which is

conferred by the AIAA biennially, was presented to Glicksman

The 1998Microgravity Materials Science Conference was for "premier contributions to the fields of low-gravity fluid
held July 14-16 at the Von Braun Center in Huntsville, Alabama. physics, materials science, and microgravity processing, and for
There were over 300 attendees at the conference, which was outstanding leadership in guiding the nation's Microgravity
organized by the microgravity materials sciencediscipline work- Science Program."
ing group. This biennial conference brings together all NASA-

William Johnson, Ruben and Donna Mettler Professor ofsponsored materials scientists who received funding through the
NRA process. Altogether, 87 scientists made oral presentations, Materials Science, Engineering, and Applied Science at the
and 36 new award recipients presented posters. The plenary California Institute of Technology, was awarded the Materials
address was given by Ivan Egry, of the German Space Agency Research Society Medal. The medal is awarded each year for an
(DLR), who described results from last year's successful flight of outstanding recent discovery or advancement that has a major
TEMPUS, an electromagnetic containerless processing facility, on impact on the progress of a materials-related field. Johnson was
the first Microgravity Science Laboratory (MSL-1) mission, recognized for the development of bulk metallic glass-forming
Donald Gillies, of MSFC, also gave a plenary talk titled "The alloys, the fundamental understanding of the thermodynamics
Current Microgravity Materials Science Program." Roger and kineticsof glass formation and crystallization of glass-forming
Crouch, payload specialist on the MSL-1 mission and its reflight, liquids, and the application of glass-forming liquids in engineering.
also spoke at the banquet. In conjunction with the conference, the
discipline working group hosted the Materials Science/Radiation

Shielding Review. This workshop was chaired by Thomas FlightExperiments
Parnell, of MSFC, and is the first of several planned workshops The purpose of the experiments conducted in the Advanced

in materials science that will focus on the exploration aspects of Automated Directional Solidification Furnace (AADSF) on
the HEDS Enterprise. USMP-4 was to determine how gravity-driven convection affects

MSFC sponsored the Third Phase 1 Research Program the composition and properties of alloys (mixtures of two or more
Interim Results Symposium, held in Huntsville, Alabama, materials, usually metal). The AADSF solidified crystals of two
November 3-5, 1998. The symposium included presentations of different alloys that are used to make infrared detectors and
the preliminary science results for shuttle/Mir flights, with lasers. Lead-tin-telluride and mercury-cadmium-telluride are
emphasis on Increments 6 and 7. Opening remarks were made by alloys of compound semiconductor materials that were used as
JohnUri (co-chair from Johnson Space Center), Oleg Lebedev experiment samples. Although both these materials are used in
(co-chair from Russian Spacecraft Corporation Energia), Joel detectors and lasers, their properties and compositional uniformity
Kearns (director of the Microgravity Research Program Office), are affected differently during the solidification process.
and by the conference organizer and host, Roger Kroes (MSFC). Information gained by studying these alloys will make it possible
Approximately 100scientists attended all or part of the symposium, to determine the effect of the microgravity environment on their
Sessions were held on human and life sciences, space biology, optical and semiconducting behaviors. The results will help in
vehicle dynamics, external environment, Earth science, environ- devising ground processing methods and achieving absolute theo-
mental monitoring, biotechnology, combustion science, materials retical performance limits.
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Experiments in the MEPHISTO furnace facility on In FY 1998,data were analyzed and found to be sufficient for

USMP-4 were designed to investigate fundamentals of directional determining the kinetics and particle size distribution with

solidification in metals and semiconductors, which have a strong unprecedented accuracy. Several new evaluation techniques have
tendency to facet or grow undesirable faces. The experiments been developed, and numerous research papers have been pub-

were a joint effort involving researchers from NASA, the French lished from this study.

space agency (CNES), and Australia. The sophisticated technique The Wetting Characteristics of Immiscibles (WCI) experi-
employed in the MEPHISTO apparatus enabled extremely sensi-

ment is an advanced study of the way immiscible liquids (liquids
rive measurements to be made on the effect of growth rate and

that do not mix) behave, with the goal of producing combinationssmall alloying elements on a bismuth alloy with a small addition
in which the two liquids are uniformly distributed. WCI was

of tin. This alloy is very anisotropic, and a knowledge of the
fundamentals of faceting in this alloy, under the controlled condi- designed to study ways to control wetting behavior (the tendency

of one of the liquids to adhere to the walls of the container in
tions of microgravity, will provide an important data bank for the
production of similar metals and semiconductors in ground- microgravity). Twelve samples of succinonitrile/glycerine were
based laboratories, processed in the Middeck Glovebox during the USMP-4 mission.

Sample compositions spanned the miscibility gap and ranged
The Isothermal Dendritic Growth Experiment (IDGE) was from 15 to 70 weight percent glycerine.

designed to study the dendritic solidification of molten materials.
The Particle Engulfment and Pushing by a Solid/Liquid

Because virtually all industrially important alloys solidify from a Interface (PEP) experiment examined the solidification of liquid
molten state by a dendritic process, a fundamental understanding metal alloys on USMP-4. Findings from this investigation may
of dendritic solidification is necessary to correct mathematical lead to improved techniques for processing metal alloys on
models to provide a basis for improved industrial production Earth, resulting in stronger, lighter materials for use in the auto
techniques. The sample material for the IDGE experiment on and aerospace industries. PEP may also provide an understanding
USMP-4 was pivalic acid. of how and why potholes form on road surfaces and how to

The purpose of the Liquid Phase Sintering experiment was prevent them.

to test theories of liquid-phase sintering and to examine coales- The FY 1998ground and flight tasks for materials science
cence and pore behavior during liquid-phase sintering in the are listed in Table 7. Further details regarding these tasks may be
microgravity environment. To comprehensively understand the found in the complementary document Microgravity Research

gravitational effects on the evolution of both microstructure and Division Program Tasl(sand Bibliographyfor FY 1998, available
macrostructure during liquid-phase sintering, tungsten-nickel-iron online at http.'//peerl.idi.usra.edu/peo__review/tas!_boot(micro/mg98

alloys with tungsten content varying from 35 to 98 weight percent /mtb.CFM.

were sintered in the Large Isothermal Furnace (LIF), built by the
Japanese space agency (NASDA). In FY 1998,researchers

worked on analyzing the data gathered from the flight of the
experiment on MSL-1.

The Diffusion Processes in Molten Semiconductors

(DPIMS) experiment conducted on MSL-1 was designed to pro-
vide a definitive measurement of the diffusion coefficients of

trace impurities such as gallium, silicon, and antimony in molten

germanium and to investigate the dependence of diffusion on
temperature, impurity type, and sample diameter. The experi-

ments were performed in the LIE DPIMS activities for FY 1998

included a problem investigation of an anomaly experienced dur-
ing the MSL-1 mission and postflight ground tests in the flight
furnace.

The primary objective of the Coarsening in Solid-Liquid

Mixtures experiment was to measure the temporal evolution of
solid particles during coarsening. On MSL-1, the particles were
coarsened for times from i second to 24 hours after a 9-minute

period in which the particles were heated to 185oC. A better

understanding of coarsening will benefit many products because
a large number of commercially important alloys undergo coars-

ening. Many of them coarsen in the solid state, such as high-
temperature superalloys and low-temperature aluminum alloys.
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MaterialsScienceTasksFundedbytheMicrogravityResearchDivisioninFY1998
(includes some continuing projects at no additional cost)

PhysicalPropertiesandProcessingofUndercooledMetallicGlass-FormingMelts
WilliamL. Johnson

In-situMonitoringofCrystalGrowthUsingMEPHISTO CaliforniaInstituteof Technology,Pasadena,CAReza Abbaschian

Universityof Florida,Gainesville,FL Therm0physicolPropertiesofMetallicGlassesandUnderc001edLiquids
CoupledGrowthJnHypermonotectics WilliamL. Johnson
J. B. Andrews CaliforniaInstituteof Technology,Pasadena,CA
Universityof Alabama, Birmingham,AL

TransientDendriticSolidificationExperiment
FundamentalAspectsofVaporDepositionandEtchingUnderDiffusion-ControlledMatthewB.Koss

TransportConditions RensselaerPolytechnicInstitute,Troy,NY
KlausJ. Bachmann
North Carolina StateUniversity,Raleigh,NC OrbitalProcessingofEutecticRod-LikeArrays

Self-DiffusioninLiquidElements David J. CarsonJr.
R. M.Banish State Universityof New York,StonyBrook,NY

Universityof Alabama, Huntsville,AL OrbitalProcessingofHigh-QualityCadmiumTelluride
ThermophysicalPropertyMeasurementsofTe-BasedII-VISemiconductor David !. CarsonJr.
Compounds StateUniversityofNew York,StonyBrook,NYR. M.Banish
UniversityofAlabama,Huntsville,AL CrystalGrowthofII-VISemiconductingAlloysbyDirectionalSolidification

ExperimentsonNucleationinDifferentFlowRegimes SandorL. Lehoczky
RobertJ. Bayuzick MarshallSpaceFlight Center,Huntsville,AL

VanderbiltUniversity,Nashville,TN GrowthofSolidSolutionSingleCrystals
InvestigationoftheRelationshipBelweenUndercoolingandSolidificationVelocity SandorC.Lehoczky
Robert!. Bayuzick MarshallSpaceFlight Center,Huntsville,AL
VanderbiltUniversity,Nashville,TN

DiffusionProcessesinMoltenSemiconductors
EquiaxedDendriticSolidificationExperiment David H. Matthiesen
ChristophBeckermann
University of Iowa, Iowa City, IA Case Western Reserve University, Cleveland, OH

KineticsofNucleationandCrystalGrowthinGlass-FormingMeltsinMicrogravity Space-andGround-BasedCrystalGrowthUsingMagneticallyCoupledBaffle
Delbert E. Day Aleksandar G. Ostrogorsky
Universityof Missouri,Rolla,MO RensselaerPolytechnicInstitute,Troy,NY

AlloyUndercoolJngExperimentsinMicrogravityEnvironment ComparisonofStructureandSegregationinAlloysDirectionallySolidifiedin
Merton C. Flemings TerrestrialandMicrogravityEnvironments
MassachusettsInstituteof Technology,Cambridge,MA David R. Poirier

MeasurementoftheViscosityandSurfaceTensionofUndercooledMeltsUnder Universityof Arizona,Tucson,AZ
MicrogravityConditionsandSupportingMognetohydrodynamicCalculations
Merton C. Flemings FrontalPolymerizationinMicrogravity
MassachusettsInstituteof Technology,Cambridge,MA !ohn A. Pojman

Micr0gravityGrowthofPbSnTe Universityof SouthernMississippi,Hattiesburg,MS

ArchibaldC. Fripp ParticleEngulfmentandPushingbySolidifyingInterfaces
LangleyResearchCenter,Hampton, VA Doru M. Stefanescu

GravitationalEffectsonDistortioninSJnterJng Universityof Alabama,Tuscaloosa,AL
RandallM.German
PennsylvaniaStateUniversity,UniversityPark, PA CrystalGrowthofZnSeandRelatedTernaryCompoundSemiconductorsbyVapor

Transport
EvolutionofLocalMicrostructures:SpatialInstabilitiesofCoarseningClusters Ching-Hua SuMartinE. Glicksman

MarshallSpaceFlightCenter,Huntsville,ALRensselaerPolytechnicInstitute,Troy,NY

)sothermalDendriticGrowthExperiment ReductionofDefectsinGermanium-Silicon
Martin E. Glicksman Frank R. Szofran
RensselaerPolytechnicInstitute,Troy,NY MarshallSpaceFlightCenter,Huntvsille,AL
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InterfacePatternSelectionCriterionforCellularStructuresinDirectionSolidificationCombustionSynthesisofMaterialsinMicrogravity
Rohit K. Trivedi Kenneth Brezinsky

Iowa StateUniversity,Ames, IA Universityof Illinois,Chicago,IL

InvestigationoftheInfluenceofMicrogravityonTransportMechanismsinaVirtual ApplicationofParallelComputingforTwo-andThree-DimensionalModelingofBulk
SpaceflightChamber CrystalGrowthandMicrostructureFormation
James D. Trolinger Robert A. Brown
MetroLaser Inc., Irvine,CA MassachusettsInstituteof Technology,Cambridge,MA

CoarseninginSolid-LiquidMixtures EvolutionofCrystalandAmorphousPhaseStructureDuringProcessingof
Peter W. Voorhees ThermoplasticPolymers
Northwestern University,Evanston,IL PeggyCebe

Tufts University,Medford,MA
MicrogravityStudiesofLiquid-LiquidPhaseTransitionsJnUndercooledAlumina-gttria
Melts StudyofDevelopmentofPolymerStructureinMicrogravityUsingEllipsometry
Richard Weber PeggyCebe
ContainerlessResearchInc.,Evanston, IL TuftsUniversity,Medford,MA

IdentificationandControlofGravity-RelatedDefectFormationDuringMeltGrowthof ThermophysicalPropertiesofHigh-TemperatureLiquidMetalsandAlloys
Electro-0pticSingleCrystals:Sillenites(Bi_2Si02o),BS0 Ared Cezairliyan
AugustE Witt National Instituteof Standardsand Technology,Gaithersburg,MD
MassachusettsInstituteof Technology,Cambridge,MA Three-DimensionalVelocityFieldCharacterizationinaBridgmanApparatus:

TechniqueDevelopmentandEffectAnalysis
SoyoungS. Cha

MJcrogravityImpregnationofFiberPreforms Universityof Illinois,Chicago,IL
M. C. Altan MorphologicalStabilityofSteppedInterfacesGrowingFromSolution
Universityof Oklahoma, Norman, OK AlexanderA. Chernov

UniversitiesSpaceResearchAssociation,MarshallSpaceFlight
AnElectrochemicalMethodtoVisualizeFlowandMeasureDiffusivityinLiquidMetals Center,Huntsville,AL
Timothy !. Anderson
UniversityofFlorida, Gainesville,FL DynamicReductionandtheCreationofFine-GrainedCeramicsFromInviscid

0xide/SilicateMelts
TheEffectofConvectiononMorphologicalStabilityDuringCoupledGrowthin Reid E Cooper
ImmiscibleSystems Universityof Wisconsin,Madison,WI
J. B. Andrews
Universityof Alabama,Birmingham,AL Gravity-InducedSettlinginInterconnectedLiquid-SolidSystems

Thomas H. Courmey
NucleationandGrowthMechanismsUnderlyingtheMicrostructureofPolymerFoams MichiganTechnologicalUniversity,Houghton,MI
ProducedbyDynamicDecompressionandCoating
Robert E. Apfel ImprovedRadiationTransportCodeandNuclearDatabaseforEvaluationof
YaleUniversity,New Haven, CT SpacecraftShielding

Francis A. Cucinotta
0stwaldRipeningofLiquidandSolidDropletsinLiquidMetalMatrices JohnsonSpaceCenter,Houston,TX
Alan I. Ardell

FundamentalStudiesofSolidificationinMicrogravityUsingReal-TimeX-Ray
Universityof California,LosAngeles,CA Microscopy
TemperatureDependenceofDJffusJvJtiesillLiquidMetals PeterA. Curreri
R. M. Banish MarshallSpaceFlight Center,Huntsville,AL

Universityof Alabama,Huntsville,AL Adaptive-GridMethodsforPhaseFieldModelsofMicrostructureDevelopment
MolecularlyTailoredSurfacesviaSelf-AssemblyProcesses:Synthesis, JonathanA. Dantzig
Characterization,andModeling Universityof Illinois,Urbana-Champaign,Urbana, IL
Mark A. Barteau
Universityof Delaware,Newark, DE AtomJstJcSimulationsofCadmiumTelluride:TowardUnderstandingtheBenefitsof

MicrogravityCrystalGrowth
GrowthandPropertiesofCarbonNanotubes JeffreyJ. Derby
JerryBernholc Universityof Minnesota,Minneapolis,MN

North Carolina StateUniversity,Raleigh,NC TheoreticalAnalysisofThree-Dimensional,TransientConvectionandSegregationin
DispersionMicrostructureandRheologyinCeramicsProcessing MicrogravityBridgmanCrystalGrowth
John F. Brady JeffreyJ. Derby
California Instituteof Technology,Pasadena,CA Universityof Minnesota,Minneapolis,MN
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SurfaceTransformationofReactiveGlassinaMicrogravJtyEnvironment UtilizingControlledVibrationsJnaMicrogravityEnvironmenttoUnderstandand
Paul Ducheyne PromoteMicrostructuralHomogeneityDuringFloating-ZoneCrystalGrowth
Universityof Pennsylvania,Philadelphia,PA RichardN. Grugel

UniversitiesSpaceResearchAssociation,MarshallSpaceFlight
WhiteBeamX-RayTopographyandHigh-ResolutionTripleAxisX-RayDiffraction Center,Huntsville,ALCharacterization
MichaelDudley InterdiffusioninthePresenceofFreeConvection
State Universityof New York,Stony Brook,NY Prabhat K. Gupta

Ohio StateUniversity,Columbus,OH
ReverseMicelle-BasedSynthesisofMJcroporousMaterialsinMicrogravity
PrabirK. Dutta MetalNanoshellFunctJonalizationandMaterialsAssembly:EffectsofMicrogravity
Ohio StateUniversity,Columbus,OH Conditions

Naomi J. Halas
GasPhasePolymerizationandNucleationExperimentsinMicrogravity RiceUniversity,Houston,TX

M. S.El-Shall RadiationTransmissionPropertiesofIn-situMaterials
VirginiaCommonwealthUniversity,Richmond,VA LawrenceH. Heilbronn

StudiesonNucleation,Polymerization,andNanoparticleCompositesin LawrenceBerkeleyLaboratory,Berkeley,CA

SupersaturatedVaporsUnderMicrogravJtyConditions MicrogravityProcessingofOxideSuperconductors
M. S.El-Shall WilliamH. Hofmeister
VirginiaCommonwealthUniversity,Richmond,VA VanderbiltUniversity,Nashville,TN

ExploitingtheTemperatureDependenceofMagneticSusceptibilitytoControl DimensionalStabilityofSupermatrixSemiconductors
ConvectioninFundamentalStudiesofSolidificationPhenomena DouglasE.Holmes
JamesW.Evans ElectronicMaterialsEngineering,Camarillo,CA

Universityof California,Berkeley,CA PorosityandVariationsinMicrogravityAerogelNanostructures

TheoreticalandExperimentalInvestigationofVibrationalControloftheBridgman Arlon Hunt
CrystalGrowthTechnique Lawrence BerkeleyLaboratory,Berkeley,CA

AlexandreI. Fedoseyev NonequilibriumPhaseTransformations
Universityof Alabama,Huntsville,AL Kenneth A. Jackson

InvestigationoftheCrystalGrowthofDielectricMaterialsbytheBridgmanTechniqueUniversityof Arizona,Tucson,AZ
UsingVibrationalControl DislocationFormationDuringGrowthofSemiconductorCrystals
RobertS.Feigelson MonicaL. Kaforey
StanfordUniversity,Stanford,CA CaseWesternReserveUniversity,Cleveland,OH

TheRoleofDynamicNucleationatMovingBoundariesinPhaseandMicrostructure
DevelopmentofAnionicPolyelectrolytesforSolid-StateBatteryApplications Selection
Adrienne C. Friedli Main S.Karma
MiddleTennesseeUniversity,Murfreesboro,TN Northeastern University,Boston,MA

MeltStabilizationofPbSnTeinaMagneticField DeterminationofGravity-RelatedEffectsinCrystalGrowthFromMeltsWithan
ArchibaldL. Fripp ImmiscibilityGap
LangleyResearchCenter,Hampton, VA Mohammad Kassemi

SolidificationofII-VICompoundsinaRotatingMagneticField NationalCenterfor MicrogravityResearchonFluidsand
Donald C. Gillies Combustion,Cleveland,OH

MarshallSpaceFlight Center,Huntsville,AL EffectofMarangoniConvectionGeneratedbyVoidsonSegregationDuringLow-
GravityandNormal-GravitySolidification

EffectofGravityontheEvolutionofSpatialArrangementofFeaturesin MohammadKassemi
Microstructure:AQuantitativeApproach NationalCenter for MicrogravityResearchon Fluidsand
Arun M. Gokhale Combustion,Cleveland,OH
GeorgiaInstituteof Technology,Atlanta, GA

MeasurementofLiquid-to-SolidNucleationRatesinUndercooledMetallicMelts
InfluenceofSolutocapillaryConvectiononMacrovoidDefectFormationinPolymeric JosephL. Katz
Membranes JohnsHopkins University,Baltimore,MD

Alan R. Greenberg PhaseFormationandStability:SampleSizeEffects
Universityof Colorado, Boulder,CO KennethF. Kelton

NovelDirectionalSolidificationProcessingofHypermonotecticAlloys WashingtonUniversity,St. Louis,MO

RichardN. Grugel PhysicalSimulationofMarang0niConvectioninWeldPools
UniversitiesSpaceResearchAssociation,MarshallSpaceFlight SindoKou
Center,Huntsville,AL Universityof Wisconsin,Madison,WI
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InfluenceofNaturalConvectionandThermalRadiationonMultJcomponentTransport Carbon-BasedReductionofLunarRegolith
andChemistryinMOCVDReactors Eric E. Rice
Anantha Krishnan Orbital TechnologiesCorporation,Madison,WI
CFD ResearchCorporation,Huntsville,AL

AStudyoftheUndercoolingBehaviorofImmiscibleMetalAlloysintheAbsenceof
ColloidalStabilityinComplexFluids Crucible-InducedNucleation
Jennifer A. Lewis MichaelB. Robinson

Universityof Illinois,Urbana-Champaign,Urbana, IL MarshallSpaceFlight Center,Huntsville,AL

AComparativeModelingStudyofMagneticandElectrostaticLevitationin DeterminationoftheSurfaceEnergyofLiquidCrystalsFromtheShapeAnisotropyof
Microgravity FreelySuspendedDroplets
BenQ. Li CharlesS.Rosenblatt
WashingtonStateUniversity,Pullman,WA CaseWesternReserveUniversity,Cleveland,OH
StudyofMagneticDampingEffectonConvectionandSolidificationUnderG-Jitter
Conditions ModelingofMacroscopic/MicroscopicTransportandGrowthPhenomenainZeolite
BenQ. Li CrystalSolutionsUnderMicrogravity
WashingtonStateUniversity,Pulhnan, WA Albert SaccoJr.

Northeastern University,Boston,MA
NumericalandLaboratoryExperimentsontheInteractiveDynamicsofConvection,
Flow,andDirectionalSolidification GravitationalEffectontheDevelopmentofLaserWeld-PoolandSolidification
Tony Maxworthy MJcrostructure
Universityof Southern California,Los Angeles,CA JogenderSingh

PennsylvaniaStateUniversity,UniversityPark, PA
APhase-Field/FluidMotionModelofSolidification:InvestigationofFlowEffects
DuringDirectionalSolidificationandDendriticGrowth FlightExperimenttoStudyDoubleDiffusiveInstabilitiesinSilver-DopedLead
GeoffreyB.Mcfadden BromideCrystals
National InstituteofStandards and Technology,Gaithersburg,MD N.B. Singh

MicrogravityInvestigationontheFormationofOxidesandAdsorbedOxygenFilmsin Northrop-GrummanCorporation,Pittsburgh,PA
SolderJettingApplicationsPertinenttotheElectronicsManufacturingIndustry KineticsofNucleationandGrowthFromUndercooledMelts
ConstantineM. Megaridis FransA. Spaepen
Universityof Illinois,Chicago, IL Harvard University,Cambridge,MA

ThermodynamicandSpectroscopicStudiesofSecondaryNucleationinMicrogravity DevelopmentofSuperiorMaterialsforLayeredSolidOxideElectrolyzersBasedon
Allan S. Myerson MechanicalandThermalFailureTestingandAnalysis
PolytechnicUniversity,Brooklyn,NY K.R. Sridhar

ReductionofConvectioninClosed-TubeVaporGrowthExperiments Universityof Arizona,Tucson,AZ

RobertJ. Naumann MagneticDampingofSolidSolutionSemiconductorAlloys
Universityof Alabama,Huntsville,AL Frank R.Szofran

Investigationof"Contactless"CrystalGrowthbyPhysicalVaporTransport MarshallSpaceFlight Center,Huntsville,AL
WitoldPalosz

UniversitiesSpaceResearchAssociation,MarshallSpaceFlight TheFeaturesofSelf-AssemblingOrganicBilayersImportanttotheFormationof
Center,Huntsville,AL AnisotropicInorganicMaterialsinMicrogravityConditions

Daniel R.Talham

InvestigationofConvectiveEffectsinCrystalGrowthbyPhysicalVaporTransport Universityof Florida,Gainesville,FL
WitoldPalosz
UniversitiesSpaceResearchAssociation,MarshallSpaceFlight DynamicallyInducedNucleationofDeeplySupercooledMeltsandMeasurementof
Center,Huntsville,AL SurfaceTensionandViscosity

AnalysisofContainerlessProcessingandUndercooledSolidificationMicrostructures EugeneH. Trinhlet PropulsionLaboratory,Pasadena,CA
John H. Perepezko
University of Wisconsin,Madison, WI AProposaltoFurtherInvestigatetheInfluenceofMicrogravityonTransport

ImprovedCrystalQualitybyDetachedSolidificationinMicrogravity MechanismsinaVirtualSpaceflightChamber
JamesD. TrolingerLiya L. Regel

ClarksonUniversity,Potsdam,NY MetroLaserInc.,Irvine, CA

lhermophysicalPropertyMeasurementofMoltenSemiconductorsinNormal-GravityModelsofMagneticDampingforBridgmanSemiconductorCrystalGrowthin
andReduced-GravityConditions Microgravity
Won-Kyu Rhim JohnS.Walker
Jet PropulsionLaboratory,Pasadena,CA Universityof Illinois,Urbana-Champaign,Urbana, IL

UndercoolingLimitsandThermophysicalPropertiesinGlass-FormingAlloys ModelsofMagneticDampingforSemiconductorCrystalGrowthinMicrogravity
Won-Kyu Rhim JohnS. Walker
Jet PropulsionLaboratory,Pasadena,CA Universityof Illinois,Urbana-Champaign,Urbana, IL
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Process-Property-StructureRelationshipsinComplexOxideMelts
Richard Weber
ContainerlessResearchInc.,Evanston,IL

ThinFilm-MediatedPhaseChangePhenomena:Crystallization,Evaporation,and
Wetting
JohnS. Wettlaufer
Universityof Washington,Seattle,WA

DefectGenerationinCVI-GrownHg_.xCdxTeEpJtaxialLayersUnderNormal-and
Reduced-GravityConditions
Heribert Wiedemeier
RensselaerPolytechnicInstitute,Troy,NY

UseofMJcrogravitytoControltheMicrostructureofEutectJcs
WilliamR. Wilcox
Clarkson University,Potsdam,NY

ImprovedSpacecraftMaterialsforRadiationShielding
John Wilson
LangleyResearchCenter,Hampton, VA

Ground-BasedExperimentsinSupportofMicrogravityResearchResults:Vapor
GrowthofOrganic,Nonlinear,OpticalThinFilm
MariaI. Zugrav
Universityof Alabama, Huntsville,Huntsville,AL
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Overview

Accelerationmeasurementis the processby whichdata that The accelerationmeasurementprogramworks with other
describethe qualityof a microgravityenvironmentare acquired, microgravityresearchprogram participants,such asvibrationisola-
processed,analyzed,and passedon to microgravityprincipalinves- tion programs,to lendassistancewithdata processing,interpretation,
tigators(Pls).Becauseaccelerations(commonlyreferred toas vibra- and analysis.The informationcollectedand produced bythe accel-
tions)causedisturbancessuchas convection,sedimentation,and erationmeasurementprogram is made availablein missionsum-
mixing within microgravityscienceexperimentsthat researchers mary reports,data fileson CD-ROM and Internet fileservers,and
experimentingin microgravityconditionswish to avoid,information specializedanalysisreports for scientists.Someofthe highlightsof
about accelerationsiscritical to the interpretationofscienceexperi- the fiscalyear (FY)1998accelerationmeasurementprogram are
ment results, discussedbelow.

Most experimentsare conductedinmicrogravitytoavoid fluid
flow;however,fluidmotion is strongly influencedby accelerations. USMP-4
For example,in materialsscienceexperiments,heavierelements, SAMSunits F and G successfullysupported the Isothermal
such as mercury,tend tosettleout of solutionwhen subjectedto Dendritic Growth Experiment,the Confined Helium Experiment,
steady accelerations.Such settlingcanalsodamageprotein crystals and experimentsconductedinthe AdvancedAutomatedDirectional
grown inbiotechnologyexperiments.Convectiondue to low-frequency SolidificationFurnace and the French furnace, MEPHISTO,
accelerationstends to causehot gasesin combustionexperimentsto during the fourth United StatesMicrogravityPayload (USMP-4)
move.In somefluidsexperiments,fluid movementdue to accelera- mission in November 1997.The SAMSunits provided both real-
tionsmay mask fluid characteristics,such as surfacetensionthat time and recordeddata to support these experiments. At the

requestof the USMP-4 crew,SAMS alsoprovided software for
the experimenterwishesto observe.Mechanicalvibrationsovera an onboard displayof SAMSdata, which the crew used frequently
wide range of frequenciesmaycausedrastic temperaturechanges during the missionto monitor the effectsof their activitieson the
in low-temperaturephysicsexperiments,where the samplesare at microgravityenvironment.
temperaturesclosetoabsolutezero. Sincemeasuringthe microgravity

The OARE providedlow-frequencyaccelerationmeasurements
conditionsof a microgravityscienceexperiment is as crucialas
measuring the temperature ofa thermodynamicsexperiment,for during the USMP-4 mission.Numerous effectssimilarto thoseseenon previousmissionswere observed,and one unique charac-
example,Pls useaccelerationdata to determinethe influenceof teristicwasattributed tocabin and airlockdepressurizationprior to
accelerationson their experimentsand thus gaina more accurate astronaut spacewalks during the mission.This is the firsttime
pictureof the phenomenaunder observation.The primary objective such shuttle activityhasbeenanalyzed usingmicrogravityaccelera-
of the accelerationmeasurementprogram is to characterizethe tion data.The characteristicis similar toeffectsexperiencedduring
reduced-gravityenvironmentof the variousexperimentcarriers, a water dump, but resultsin a higher accelerationlevel.

such as the spaceshuttle, Russia'sSpaceStationMir, sounding The Principal InvestigatorMicrogravityServices(PIMS)pro-
rockets,parabolicaircraft,and the InternationalSpaceStation(ISS). jectsupported the USMP-4 missionwith premissionenvironment

The devicemostfrequentlyused to measurethe qualityof a analysesfor some PI teams and real-time support during the mis-

microgravityenvironment is the SpaceAccelerationMeasurement sion.In addition to these activities,PIMS supported operations at
System(SAMS),which has flownon 20 missionssinceits first Lewis ResearchCenter's (LeRC's)TelescienceSupport Center and
flight on STS-40in lune 1991.The sevenSAMSunits recordhigh- Marshall SpaceFlight Center's (MSFC's)PayloadOperations
frequencyaccelerationsand haveflown in supportof microgravity ControlCenter during the missionby monitoring SAMSand
scienceexperimentsin the shuttle middeck, in the Spacelabmodule, OARE instrument operations as well as communicationsbetween
on the SpacelabMissionPeculiarExperiment Support Structure, missionparticipants.PIMS project members alsoprepared
and in the SPACEHAB module.SAMSunits on the spaceshuttle responsesto nearly 100requests for analysisfrom PI teams and

missionpersonnel.
have supportedexperimentsfrom all of the microgravityscience
disciplines(biotechnology,combustionscience,fluidphysics,funda- Improvementsto the way SAMSunits operateand collectdatahavebeenthe focusof twoeffortsin FY 1998;the firstof theseis
mental physics,and materialsscience).After flyingon two shuttle the useof hard disk drivesin all SAMSunits.Over the years,the
missions,one SAMSunit was installedon Mir in 1994,where it was opticaldisk drives usedin SAMSunits haveexperiencedmultiple
operatedintermittently asrequired tosupport U.S. and Russian failuresduring equipment testingand occasionallyduring mission
microgravityscienceand mechanicalstructureexperiments.The operations.While no significanton-orbitdata havebeen lost,the
microgravityprogramalsousesan instrumentcalledthe Orbital SAMSopticaldisk drives were replacedwith hard disk drives for
AccelerationResearchExperiment (OARE)tomeasureverylow theUSMP 4 mission.This changehasresultedin improvedmission
frequencyaccelerationsin supportof microgravityresearch.The operationsfor SAMSand has greatly reduced the postmissiondata
OARE has flown on 10missionssinceits firstflight on STS-40. processingtime.
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A secondimprovementfor SAMS,a neural networksystem, TelescopeOrbital SystemsTest(HOST) payloadfor the launch
was operated in rcal time during USMP-4 to test the feasibility of the STS-95shuttle flight in October 1998.HOST is a space-
of usingneuralnetworks toautomaticallyanalyzethe microgravity flight demonstration of componentsscheduledfor the third

environment.The neural network systemwas developedat Hubble SpaceTelescopeservicingmission.At the requestof
PennsylvaniaStateUniversitywith supportfrom PIMS toclassify Goddard SpaceFlight Center, SAMS-FFsupported this mission
microgravitydisturbancesinto groupswith similarcharacteristics, bymeasuring the vibrationsproduced bya new cryocooler.The
as recordedbySAMSunits.This systemusesmultilayerneural cryocooleris designed tocoolsensitiveelectroniccomponentson
networks toestablishcause-and-effectrelationshipsbetweenthe the Hubble SpaceTelescopeNear Infrared Camera and Multi-
observedaccelerationenvironmentand the sourceofa disturbance. Object Spectrometer.The small sizeand flexiblearchitectureof

The abilityofthe system'sestablishedknowledgebasetoaccurately SAMS-FFallowed the specificmissionrequirements to be metname accelerationenvironment eventsand add new eventsto the
in a veryshort time.Data collectedbySAMS-FFwillbe analyzed

knowledgebasewastested during the mission.A knowledge and a report prepared after the mission.PIMS projectpersonnelbasewasfirst establishedusing SAMSdata from the USMP-3
worked with HOST investigatorsto arrangedata processingmissionflownin February 1996.The same experimentcarrier
and analysissupport for SAMS-FFdata that were acquiredwas used for both the USMP-3 and USMP-4 missionswith a

similarcomplementof experiments.Testsconductedduring during STS-95.

USMP-4 demonstrated the successfulclusteringof acceleration NlJr
data, the characterizationof similar accelerationevents,and the
useof the systemtosimplifythe interpretationof data.This SAMSunit E, which has beenaboard the Russianspace
work will aid in the further developmentof an expertsystemfor stationsince 1994,successfullycompletedlong-duration on-orbit
microgravityenvironmentanalysisfor ISSoperations, operationsin June 1998and was returned toEarth on STS-91.

Datadisks from SAMSunit E were processedand put on a server
R(" | 35 for analysisby PIMS.After travelingapproximately532million

During FY 1998,severalSAMSunits provided supportfor miles whilein orbit for 3 yearsand 10months, the SAMSunit
KC-135flights.SAMSunit A, whichhas beenretired from wasexaminedand found tobeoperationalbut inneedofa cleaning.
spaceflightafter five successfulshuttle missions,was used during Biologicalmatter, notes written in Russian,and grime were
three weeksof flight for microgravityexperimentson NASA's present on and inside the unit. The failureof one sensorhead
newestKC-135aircraft.SAMSunit A mapped the low-gravity was traced toone wire within one internal cableof the SAMS
environmentof the parabolicflight aircraftand providedfeedback main unit. Originallydesigned for 14-dayshuttle flights, the
to the flight crew and scienceteams.A new unit, calledthe successof SAMSfor nearlyfour yearsof on-orbit operations
SAMSfor Free Flyers(SAMS-FF),providedpayload-specific amazed its engineers.
support on the KC-135aircraft.SAMS-FFis a compactaccelera-
tion systemconsistingof a small triaxialsensorhead connectedto _SS

a portablecomputer.Presently,software isbeing developedto Developmentof SAMS-II,a systemfor conducting accelera-
rate eachparabola in the KC-135'sflight path in terms of quality tionmeasurementson theISS,continuedthis year.The instrument's
and duration. Immediatelyafter the flight,the softwarewill pro- RemoteTriaxial Sensorsystemproceededfrom qualification
ducea concisetable summarizingdata on eachparabola.This
informationwill help experimenterstoconsiderwithmore effi- hardware buildup through environmental and performanceveri-

ficationtesting.The first flight sensorhardware was fabricatedciencythe impactof the microgravityenvironment on their
experiments, and acceptancetestingwas initiated.Shipment of the first flight

sensorhardware to the hardware integrationteam will occurin

STS-89 earlyFY 1999.

SAMSunit D successfullysupportedthe Mechanicsof During FY 1998,the SAMS-IIdesign was modifiedto
Granular Materialsexperimentduring the eighthshuttle mission incorporatean interimcontrolunit to supportmicrogravityscience
toMir in January 1998.The SAMSunit was modifiedto include experimentsinExpedite Processingof Experimentsto Space
downlinkand commandcapabilitiesthrough the SPACEHAB Station(EXPRESS)Racksand in the MicrogravityScience
ExperimentData SystemMain Unit. Operationof the modified Gloveboxduring the earlyutilizationphaseof the ISS.The interim
unit servedas a demonstrationof new capabilitiesto support the controlunit ,viiibe replacedwith a full-featuredcontrol unit
secondMicrogravityScienceLaboratory(MSL-2) mission when the microgravity science facility racks are installed
planned for the year2000. on the station.

Operationalactivitiescontinued for interfacingSAMS-II
STS-95 with the ISS.Plans for data handling were developedby the

A hermeticallysealedSAMS-FFsystemwas delivered, SAMS-IIproject team and the TelescienceSupport Center.Plans
installed,and successfullyintegratedwith the Hubble Space for data analysiswere alsodevelopedwith the PIMS project.40



An agreement was reachedwith the SAMS-IIproject to Accelerationmeasurementprogram representativescoordi-
providemeasurement supportfor the upcomingon-orbittestof hated and chaireda sessionof the American Instituteof
the Active Rack IsolationSystem(ARIS)on the ISS.The testwill Aeronauticsand Astronautics'36thAerospaceSciencesMeeting
evaluatedesignmodificationsimplementedfrom ARIS' previous and Exhibit in Reno,Nevada, in January 1998.The "Acceleration
risk-mitigationactivities.Two additionalRemoteTriaxialSensor Measurementand Control in Reduced-GravityEnvironments"

sessionincludedthe followingpapers:ElectronicsEnclosureswill be deployedwithin International
SubrackInterfaceStandarddrawers,allowingtriaxialmeasurement • Low-GravityFlight Director for Free-Floating
at three locationsto support the ARIS testobjectives. Experiments:DC-9 Testing.

° SpaceAccelerationMeasurementSystemfor FreeFlyersThe MicrogravityAccelerationMeasurementSystem
(MAMS)was institutedto verifythat the ISS producesa micro- (SAMS-FF)-- InitialTest Results.
gravityenvironmentinaccordancewith ISSprogramrequirements. • The Quasi-SteadyAccelerationEnvironmenton STS-78
MAMS has independenthigh-frequencyand quasi-steady(low- (LMS)[Lifeand MicrogravitySpacelabmission].
frequency)sensorsubsystems.MAMSis being developedby ° MMA[MicrogravityMeasurementAssembly]on the LMS
LeRC under a TechnicalTask Agreement with JohnsonSpace and MSL-1 SpacelabMissions.
Center (JSC).During FY 1998,the MAMSengineeringunit was ° An Assessmentof the Qualityof the SpaceStation
developedanddemonstrated,and MAMSflight hardware sub- MicrogravityEnvironment for the DirectionalSolidification
systemswere alsocompleted.In addition, Phase I of MAMS of Semiconductors.

flight softwaredevelopmentwas completed.The MAMSteam * A High-FidelityDynamic Modelfor the Active Rack
alsodevelopeddetailed operationsplans.MAMSis scheduledto IsolationSystem.

be deployedin2000for ISSenvironmentalverification. ° InternationalSpaceStationMicrogravityAcceleration

The MAMSand SAMS-IIprojectsdevelopeda consolidation MeasurementSystem.
plan to reduce future on-orbitresourcesconsumed byallacceler- Informalbriefingswere alsopresented on the ISSmicro-
ation measurement systemsand to eliminateduplicationof hard- gravityrequirementsand the conceptof the Microgravity
ware development.One low-frequencysensor will now be flown EnvironmentInterpretation Tutorials.Sessioncoordinationwas
on the ISS insteadof two. The data from thissinglesensorwill be completedinpreparation for the 37thmeeting,which was sched-
provided toboth the ISS vehicledesignersand to scienceinvesti- uled for January 1999.
gators.The consolidationof the two systemswill result in faster, The 17thMicrogravityMeasurementsGroup (MGMG)
better,and cheaperimplementationof the quasi-steadymeasure- meetingwas conductedin March 1998at the Ohio Aerospace
rnent requirementsfor the ISS.In addition,consolidationof the Institute in BrookPark, Ohio. Approximately80attendeesfrom
two systemsallowed the MAMSproject to incorporateSAMS-II- variousdisciplineswithin the internationalmicrogravitycommu-
specificrequirements into the initial developmentof MAMS. nity heard talkson the transitionof microgravityscienceresearch

from the shuttle,Mir, and free flyersto the ISS.The seriesof
Although no presentwork waseliminatedon SAMS-II,future

talksat the meetingprovided a forum for exchanginginforma-
work to further developSAMS-IIwill be reduced,sincean addi- tion and ideasabout the microgravityenvironment and micro-
tional low-frequencysubsystemwill not be needed inSAMS-II. gravityaccelerationresearchin the MRP.Investigatorsin all areas

of microgravityresearch,includingscienceexperimentPIs, project
MeetingsandConferences scientists,numericalmodelers,instrumentationdevelopers,and

The inauguralMicrogravityEnvironment Interpretation accelerationdata analysts,participated.The attendeesincluded
Tutorial was presentedat MSFC in October 1997toa select representativesfrom NASA headquarters,JPL, JSC, Kennedy
group of scientistsand microgravitypersonnel.Mostof the attend- SpaceCenter,LeRC, and MSFC;Daimler-BenzAerospace;
eeswere associatedwith the USMP-4 mission,whichlaunched universitiesin Germany,Italy,Russia,and the United States;and
shortlyafter the tutorial. The responsefrom the participants commercialcompaniesin Russiaand the United States.
was verypositive.Excellentsuggestionswerealsoreceivedfor the Representativesof severalother national agenciespresented
secondtutorial,which was conductedin September1998. summaries of the measurement, analysis,and characterization
Disciplineprojectscientistsfrom LeRC, MSEC,and the Jet of the microgravityenvironmentof the shuttle,Mir, and sounding
PropulsionLaboratory(JPL),as wellas somePIs and other rocketsover the past 15years. This extensiveeffort to charac-
MicrogravityResearchProgram (MRP)representatives,partici- terize these environments has laid a foundation for pursuing a
pated in the sessions.The tutorialswere held over two-and-a-half similar courseduring future microgravityexperimentoperations
daysand coveredthefollowingtopics:definitionsand accelerometer on the ISS.
instrumentation,data collectionand analysistechniques,the mea- The MGMG, which has a longhistoryof servingas a mech-
sured environment of microgravityplatforms,and implications anismfor cooperationbetweenthe internationalspaceagencies
for microgravityexperimenters, participatinginmicrogravityscienceresearch,coordinatedwith
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the International Microgravity Strategic Planning Group
(IMSPG), which held a meeting that same week at LeRC. The

17th MGMG meeting served as a formal setting for the IMSPG
to address their concerns about the microgravity environment on
the ISS. IMSPG members representing the Canadian Space
Agency (CSA), the European Space Agency (ESA), the French
space agency (CNES), the German space agency (DLR), and the
Japanese spaceagency (NASDA) attended the Wednesday morning
MGMG session as a joint meeting of the MGMG and the

IMSPG. Considerable discussion took place concerning the
expected microgravity levels on the ISS and how the predicted
microgravity environment on the ISS compares with what has
been experienced on the shuttle and Mir.

The results of SAMS operations on Mir for NASA/Mir
Increments 3, 4, and 5 were presented at the Second Phase 1
Research Program Results Symposium held at Ames Research
Center in March 1998.

A paper titled "Effects of Exercise Equipment on the
Microgravity Environment" was presented in the Application,
Methods, Measurement Technology session of the Gravitational
Effects in Materials and Fluid Sciences Symposium at the 32nd
COSPAR Scientific Assembly, held July 12-19, 1998.COSPAR is
the Committee on Space Research of the International Council of
Scientific Unions.

An overview of PIMS plans for retrieval, storage, and distri-
bution of data from the ISS was presented to representatives of
ESA at ESTEC, the European Space Research and Technology
Center, September 23-29, 1998. A representative of the accelera-
tion measurement program attended the final data review for
the Microgravity Measurement Assembly (MMA) flown
onboard the MSL-1 mission and its reflight. Discussions were
also conducted with the MMA project team for a conference
paper on quasi-steady acceleration measurements on MSL-1
with OARE and MMA data.
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AdvancedTechnologyDevelopmentProgram Center (MSFC). The FY 1998projects, listed inTable 8, illustrate
the breadthof technologiescoveredby the ATD Program.

The AdvancedTechnologyDevelopment (ATD)Program Further detailson these projectsand the ATD Program can be
was developedin responseto the challengesresearchersface found in theAdvancedTechnologyDevelopmentProgramAnnual
when definingmicrogravityexperimentrequirementsand Update,NP-1998-01-02-MSFC.
designingassociatedhardware. Technologydevelopmentprojects
addressscientificconcerns,both focusedand broadly based.
Focuseddevelopmentprojectsensuretheavailabilityof technologies Solicitation
to satisfythe sciencerequirementsof specificmicrogravityflight- The MicrogravityResearchDivision(MRD)solicitedthe
or ground-based programs.Broadlybaseddevelopmentprojects 1998ATD projectsfrom NASA centersthrough a two-step
encompassa long-term,proactiveapproach tomeeting the needs processand selectedthe verybestfor funding.First, concept
of future projectsand missionsrelatedto the Human Exploration paperswere solicitedfrom eachNASA center involvedin micro-
and Developmentof SpaceEnterprise. gravityresearch.Next, the MRDdirector and ATD program

manager formedan ATD reviewpanelconsistingof microgravity

Scope of Projects sciencerepresentativesfrom eachNASA centerand from the
MRD at NASA headquarters. The panel reviewedconcept

Historically,ATD projectshaveencompasseda broad range papersfor their technicalmeritand significanceto themicrogravity
of activities.Funded projectsincludethedevelopmentof diagnostic field, and selectedcandidatesfor further consideration.These
instrumentationand measurementtechniques,observational successfulcandidatessubmittedfullydetailed ATD proposals.
instrumentationand data recordingmethods,accelerationcharac- Proposalswerepeer-reviewedbyexperts,selectedfromnon-NASA
terizationand control techniques,and advancedmethodologies organizations,in correspondingtechnologyareas.Final selections
associatedwith hardware designtechnology, weremade basedon the panel'srecommendations.In making its

In fiscalyear (FY) 1998,four NASA centerswere involved recommendations,the panel consideredthe proposal'srelevance
in the MicrogravityResearchProgram-sponsoredATD Program: to the anticipatedtechnologyneedsof the MicrogravityResearch
the Jet PropulsionLaboratory(JPL),JohnsonSpaceCenter (JSC), Program,potential for success,and potential for the projectto
LewisResearchCenter (LeRC),and MarshallSpaceFlight enablenew typesof microgravityinvestigations.

FY1998ATDProjects

MagnetostrictiveLow-TemperatureActuators SpaceBioreactorBioproductRecoverySystem
RobertChave,JPL, Pasadena,California SteveGonda,JSC, Houston,Texas

The objectiveof this ATD project is to further the development The purposeof this ATD effort is todevelopa Bioproduct
of low-temperaturemagnetostrictivematerials.Reducingthe cost RecoverySystem(BRS)that allowsthe selectiveremovalof mol-
and increasingthe uniformityofmagnetostrictivecrystalswill eculesof interest from spacebioreactors,thus enhancingthe pro-
enhancepotentialapplications,which couldincludeacoustic ductivityof thosebioreactors.The BRSwill be miniaturized to
pumps for microgravitycryogentransferor magnetometersthat meet volumeand powerconstraints,and designedtooperate in
usemagnetostrictivecrystalsas the primary sensorelement and microgravity.
fiberopticsfor readout.

DevelopmentofanElectrostrictiveValve AdvancedDiagnosticsforCombustion
TalsoChui, JPL,Pasadena,California PaulGreenberg, LeRC,Cleveland,Ohio

The objectivesof this ATD projectare to developa miniature The goalof this ATD project is to developa seriesof more
coldvalvewith no moving parts for useas an activephasesepa- sophisticatedmeasurementtechniquesapplicableto the general
rator for liquid heliumand to study the abilityof a submicron area of microgravitycombustionscienceinorder to improvethe
aperture toact as a tunable Josephsonjunction in 4He. accuracyand spatial/temporalyieldof the data acquired,and to

extend the range of applicabilityand accessto the relevantpara-
QuantitativeComputedTomographyforMaterialsScience meters presentlyinaccessiblethrough current methods.
Donald Gillies,MSFC,Huntsville,Alabama

This ATD projectfocuseson usingcomputed tomography(CT) SmallHigh-ResolutionThermometer
to relate densityto chemicalcompositionofa sample.It will also InseobHahn, JPL, Pasadena,California
examine the use of CT asa techniquefor obtainingat leastsome Smallerand lighterhigh-resolutionthermometers(HRTs) will
three-dimensionalinformationprior to sectioninga sample, be developedunder thisATD projectforlambdapointexperiments.
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In the Low-Temperature Microgravity Physics Facility on the TheLaser-FeedbackInterfer0meter:ANew,Robust,andVersatileT001for
International Space Station (ISS), multiple experiments will be per- Measurementsof FluidPhysicsPhenomena
formed within the sameinstrument package to reduce the average Ben Ovryn, Department of Mechanical and Aerospace Engineering,
cost per experiment; therefore, the new, smaller HRTs, developed CWRU, Cleveland, Ohio; NCMRfc, LeRC, Cleveland, Ohio
under this ATD project, wil! benefit these experiments.

The objectives of this ATD project are to evaluate, adapt, and

ManufacturingofRefractoryContainmentCartridges deliver a novel form of interferometry, based upon laser-feedback
Dick Holmes, MSFC, Huntsville, Alabama techniques, that will provide a robust, versatile, state-of-the-art

diagnostic instrument applicable to a wide variety of investigations
This ATD project focuseson using plasma spray in a low-pressure, in microgravity fluid physics and transport phenomena. The
inert environment to form containment cartridges to be used for instrument can be used to measure both temporal and spatial
growing crystals of metals, alloys,and semiconductors in microgravity, change in optical path length and object reflectivity.

PassiveFree-VortexSeparator Solid-LiquidInterfaceCharacterizationHardware
lohn McQuillen, LeRC, Cleveland, Ohio Palmer Peters, MSFC, Huntsville, Alabama

The objective of this ATD project is to develop an effective, low- This ATD project focuses on the real-time characterization of
power, two-phase separation system. The system will enable the temperature distributions within samples during directional solidi-
separation of two-phase flows for reuse during long-term spaceflight, fication. Present technologies are limited by the size of the thermo-

couples, when discrete thermocouples are used, and by interpretation
SpaceQuafifiableMagneto-OpticalTrap of the Seebeck signal for many applications, especially those having
Lute Maleki, JPL, Pasadena, California nonplanar interfaces. To overcome these limitations, arrays of
The objectives of this ATD project are the development and micron-sized thin film thermocouples, all deposited simultaneously
demonstration of a space qualifiable magneto-optical trap as a with uniform properties and protective coatings, will be developed.
building block module for laser cooling and atomic physics exper-
iments in space.This task will enable the transition of NASA-funded ADiffract0meterfor ReciprocalSpaceMappingofMacr0m01ecularCrystals
research in the laser cooling area from ground-based activities to Marc Pusey, MSFC, Huntsville, Alabama

space experiments. The primary objective of this ATD project is to develop the tech-
nology both instrumentally and theoretically for routine use in

LaserLightScatteringWithMultipleScatteringSuppression macromolecular crystal studies in the research laboratory. This
William Meyer, National Center for Microgravity Research on technology will enable the researcher to accurately and repeatably
Fluids and Combustion (NCMRfc), LeRC, Cleveland, Ohio characterize macromolecular crystal quality through X-ray mosaicity
Maryjo Meyer, LeRC, Cleveland, Ohio measurements, topography, reciprocal space mapping, and direct
This ATD project provides a simple and novel optical scheme three-dimensional reciprocal lattice point measurements. The
that overcomes multiple scattering effects in turbid media. In results can then be used to quantitatively examine the effects of
addition, ways to experimentally measure and provide a full ana- microgravity and different growth regimes on protein crystal growth.
lytical solution for double, triple, and higher-order scattering are
being developed. ApplicationofSuperconductingCavitiestoMicrogravityResearch

Don Strayer, JPL, Pasadena, California

SurfaceLightScattering This ATD project has two main objectives: (1) to use modern
William Meyer, NCMRfc, LeRC, Cleveland, Ohio microwave electronics; high quality factor, low-temperature super-
Maryjo Meyer, LeRC, Cleveland, Ohio conducting cavities; and high-resolution temperature control to
This ATD project enables a new way of addressing surface sloshing develop an ultrastable oscillator system that will provide a compar-
that will allow the measurement of both surface tension and viscosity ison oscillator for the laser-cooled atomic oscillators now under
for transparent and optically accessible opaque media, development in the microgravity research program; and (2) to

develop high-temperature superconductor materials, high quality
ARobustMagneticResonantImagerforGround-andFlight-BasedMeasurementsof factorcavities,andelectronicsthat can be integrated witha small
FluidPhenomena cryoeooler to provide an easy-to-usematerials characterization system
Ben Ovryn, Department of Mechanical and Aerospace Engineering, for use on the ISS.
Case Western Reserve University (CWRU), Cleveland, Ohio;
NCMRfc, LeRC, Cleveland,Ohio TransientTorqueViscometerforViscosityandElectricalConductivityMeasurements

One of the primary factors that has limited the use of magnetic Ching-Hua Su, MSFC, Huntsville, Alabama
resonance imaging for measurement has been the lack of a user- Obtaining data on the thermophysical properties of electrically
friendly, versatile, inexpensive nuclear magnetic resonance (NMR) conducting melts is required for any meaningful investigation of
machine that could be utilized by members of the scientific corn- metallurgical or semiconductor processing. The principal objective
munity who have little or no knowledge of NMR. To rectify this of this ATD project is to develop a novel technique that will allow
situation, a user-friendly NMR imager will be developed under this for the simultaneous measurement of the viscosity and electrical
ATD project for use with myriad projects of relevance to NASA's conductivity of electrically conducting melts. An essential feature of
scientific community. Ultimately, this type of machine should be this technique is the utilization of a rotating magnetic field, which
suitable for use on the ISS. can induce controllable fluid flows in the melt.
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APulsedTunableLaserSystemforCombustion
Randall Vander Wal, NCMRfc, LeRC, Cleveland, Ohio
Howard Ross, LeRC, Cleveland, Ohio

The objective of this ATD project is to design, construct, and
demonstrate a pulsed solid-state laser system in a microgravity
environment. High peak intensities and multiple wavelength
generation capabilities, characteristic of pulsed laser light, would
enable fluorescence, incandescence, and scattering measurements
in a wide range of combustion processes.

VibrationIsolationandControlSystemforSmallMicrogravityPayloads
Mark Whorton, MSFC, Huntsville, Alabama

This project will deliver an active isolation device to provide a
quiescent acceleration environment required for investigations to
be carried out on the ISS.

ANewUltrahigh-ResolutionNear-FieldMicroscopeforObservationofProtein
CrystalGrowth
William Witherow, MSFC, Huntsville, Alabama

The primary objective of this ATD project is to build and test a
new optical method for observing protein crystals as they nucleate
and grow based on a tapered-fiber probe in a near-field scanning
optical microscope.

Additional Information

For additional information on the ATD program and the
new microgravity instrumentation technology development and
transfer program activities, please contact Isabella Kierk, program
manager, Instrumentation Technology Development and
Transfer, Jet Propulsion Laboratory, Mail Stop 233-200,4800 Oak
Grove Dr., Pasadena, CA 91109;phone: (818) 354-1879; fax: (818)
393-5273; e-mail: Isabella.Kierk@jpl.nasa.gov.
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ExperimentHardwarefor theSpaceShuttle
andMir Flights

Significant efforts continued in fiscal ycar 1998in prepara- flight experimental apparatus that have been in use and are

tion ofmultiuser and experiment-unique apparatus for missions under development in the Microgravity Research Program to
using the space shuttle and the Russian space station, Mir. Listed support those missions. A list of flight experiment hardware

in Table9 areshuttlemissionswithsignificantmicrogravity beingdevelopedbyinternationalpartnersthatwillbe usedby
experiments,followedbyshortdescriptionsoftheU.S.-developed U.S.investigatorsappearsin Table10.

ShuttleMissionsWithMajorMicrogravityExperimentsonBoard,ChronologicallybyLaunchDate
II_L_MI_

April1985 STS-51B SL-3 Spacelab-3
Jan.!986 STS-61C MaterialsScienceDemonstrations
Jan.1992 STS-41 IML-! InternationalMicrogravityLaboratory-I
June1992 STS-50 USML-I
Oct.1992 STS-52 USMP-1 UnitedStatesMicrogravityPayload-1
March1994 STS-62 USMP-2

July1994 STS-65 IML-2 InternationalMicrogravityLaboratory-2
June1995 STS-71 Mir-.! Shuttle/Mir-!
July1995 STS-70 Shuttle
Sept.1995 STS-69 *

(SPARTAN)
Oct.1995 STS-73 USML-2 InternationalMicrogravityLaboratory-2
Nov.1995 STS-74 Mir-2 Shuttle/Mir-2
Feb.1996 STS-75 USMP-3 UnitedStatesMicrogravityPayload-3
March1996 STS-76 Mir-3 Shuttle/Mie-3
June1996 STS-78 LMS LifeandMicrogravitySpacelab
Sept.1996 STS-79 Mir-4 Shuttle/Mir-4
Jan.1997 STS-81 Mir-5 Shuttle/Mir-5
April1997 STS-83 MSL-I MicrogravityScienceLaboratory-!
May1997 STS-84 Mir-6 Shuttle/Mir-6

July1997 STS-94 MSL-IR MicrogravityScienceLaboratory-Refiight
Aug.1997 STS-85 CRISTA-SPAS-2,JapaneseExperiment

ModuleFlightDemonstration
Sept.1997 STS-86 Mir-.7 Shuttle/Mir-7
Nov.1997 STS-87 USMP-4 UnitedStatesMicrogravityPayload-4
Jan.1998 STS-89 Mir-8 Shuttle/Mir-8
March1998 STS-90 Neurolab
Oct.1998 STS-95 Shuttle
Dec.2000** STS-107 Shuttle

Feb.2001 STS-113 MSP-I MicrogravitySciencePayload-!
Middeck andGetAwaySpecial(GAS)microgravitypayloadsonly.GASpayloadsalsoflew onSTS-40,-41,-43,-45,-47,-54,-57,-60,
-63, -64, -66, -72, and-TZ

_* Tentative date
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Advanced Automated Directional Solidification Furnace: This for performing dynamic light scattering and turbidity measurements

instrument is a modified Bridgman-Stockbarger furnace for of room temperature critical fluids. (USMP-2, USMP-3)
directional solidification and crystal growth. (USMP-2, USMP-3,

USMP-4) Critical Viscosity of Xenon Experiment Apparatus:This apparatus

provides a precision-controlled thermal environment (microkelvin)
Bioreactor Demonstration Unit (BDU): The BDU is a rotating and an oscillating screen viscometer to perform viscositymeasure-
cylinder bioreactor that is supported by subsystems that provide ments of room-temperature critical fluids. (STS-85)
media perfusion and exchange, continuous measurement and
control of nutrient media, pH, glucose,oxygen, and carbon dioxide;
incubator temperature control, and data storage. It is useful for Crystal Growth Furnace: This instrument is a modified
the investigation of cell scienceand tissue engineering. (STS-70, Bridgman-Stockbarger furnace for crystal growth from a melt or
Shuttle/Mir-4, STS-85, Shuttle/Mir-8) vapor. (USML-1, USML-2)

Biotechnology Refrigerator (BTR): The BTR has a refrigerated Data Acquisition and Control System (DACS): DACS is
volume of 0.57 cubic feet for cold storage of culture medium, designed to provide systems to monitor, operate, and control
reagents, and specimens in support of biotechnology experiments, experiment-specific systems and facility-based systems in the
The BTR provides a temperature range of 4° C to 12° C. Biotechnology Facility on the ISS. (Mir 2-7)
(Shuttle/Mir-6, Shuttle/Mir-7, Neurolab)

Diffusion-Controlled Protein Crystallization Apparatus for

Biotechnology Specimen Temperature Controller (BSTC): Microgravity (DCAM): The DCAM hardware, which was
BSTC is a thermally controlled, single-locker module designed to designed for long-duration protein crystal growth on Mir, corn-
incubate multiple small cell cultures. It has a single chamber bines liquid-liquid diffusion and dialysis methods to effect protein
capable of maintaining an internal temperatue within the range crystal growth. Each DCAM tray assembly consists of 27 DCAM
of 36° C to 40° C and the capability of monitoring CO2concen- experiment chambers containing precipitant solutions and protein
trations within the chamber in the range of 0 to 20 percent. BSTC sample solutions. (Shuttle/Mir-4, Shuttle/Mir-5, ShuttleIMir-6)
can deliver custom blended air/CO2gas mixtures, is programmable,

and may operate either independently or in conjunction with
facility computers. (Shuttle/Mir-6 and Neurolab) Drop Physics Module: This apparatus is designed to investigate

the surface properties of various suspended liquid drops, to study
surface and internal features of drops that are being vibrated and

Biotechnology System: This instrument is composed of a rotating rotated, and to test a new technique for measuring the surface
wall vessel bioreactor, a control computer, a fluid supply system, a tension between two immiscible fluids. (USML-1, USML-2)
gas supply system, and a refrigerator for sample storage. (Mir)

Droplet Combustion Experiment Apparatus: This apparatus is
Combustion Module-l: This module isbeing developed to perform designed to study droplet behavior during combustion by mea-

multiple combustion experiments in orbit; the first two experi- suring burning rates, extinction phenomena, disruptive burning,
ments were the Laminar Soot Processes experiment and the and soot production. (MSL-1, MSL-1R)
Structure of Flameballs at Low Lewis Number experiment.
(MSL-1, MSL-1R)

Gas Supply Module (GSM): The GSM provides a mixture of

Confined Helium Experiment Apparatus: This apparatus provides highly purified pressurized gases required for long-duration,
on-orbit cell culture and tissue engineering investigations.a thermometer resolution better than 100picodegrees in measuring

properties of helium samples confined to a two-dimensional state. (Shuttle/Mir-4, Shuttle/Mir-8)
It flew in the Low-Temperature Platform, where it was used to

test finite size effects under controlled conditions to uncover Gaseous Nitrogen (GN2) Dewar Protein Crystal Growth

underlying fundamental principles. (USMP-4) Experiment Apparatus: The GN2 dewar isa device that can

maintain samples at cryogenic temperatures for about 13days.

Critical Fluid Light Scattering Experiment Apparatus: This Frozen liquid-liquid diffusion and batch protein crystal growth
apparatus provides a microkelvin-controlled thermal environment experiments are launched in a GN2 dewar and then allowed to
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thaw to initiate the crystallizationprocessin a microgravityenvi- MicrogravityGlovebox:This is a modifiedmiddeck glovebox
ronment.The GN2 dewar housesa proteincrystalgrowth insert designedfor Mir that will enablethe collectionof scientificand
that typicallyholds approximately200protein samples, technologicaldata prior tomajor investmentsin the development
(Shuttle/Mir-4,Shuttle/Mir-5,Shuttle/Mir-6) of more sophisticatedscientificinstruments.(Mir)

Geophysical Fluid Flow Cell: This instrument uses electrostatic Microgravity Smoldering Combustion Apparatus: This apparatus

forces to simulate gravity in a radially symmetric vector field, cen- is used to determine the smoldering characteristics of combustible

trally directed toward the center of the cell. This allows investiga- materials in microgravity environments. (STS-69)
tors to perform visualizations of thermal convection and other

research-related topics in planetary atmospheres and stars. Middeck Glovebox: The glovebox is a multidisciplinary facility
(Spacelab-3, USML-2) used for small scientific and technological investigations.

(USMP-3, USMP-4, STS-95, MSP-1)

Interferometer for Protein Crystal Growth (IPCG): The IPCG is

an apparatus designed to operate in the Mir glovebox to measure Orbital Acceleration Research Experiment Apparatus: This

details of how protein molecules move through a fluid and then instrument is developed to measure very low-frequency accelera-

form crystals. IPCG comprises three major systems designed to tions on orbit such as atmospheric drag and gravity gradient

produce images showing density changes in a fluid as a crystal effects. (Multiple missions)

forms: an interferometer, six fluid assemblies, and a data system.

(Shuttle/Mir-7) Physics of Hard Spheres Experiment Apparatus:This hardware
supports an investigation to study the processes associated with
liquid-to-solid and crystalline-to-glassy phase transitions. (MSL-1)

Isothermal Dendritic Growth Experiment Apparatus:This appa-

ratus is being used to study the growth of dendritic crystals in

transparent materials that simulate the solidification of some Pool Boiling Experiment Apparatus: This apparatus is capable of
aspects of pure metals and metal alloy systems. (USMP-2, autonomous operation for initiating, observing, and recording
USMP-3, USMP-4) nucleate pool boiling phenomena. (Multiple missions)

Lambda Point Experiment Apparatus: This apparatus provides Protein Crystallization Apparatus for Microgravity (PCAM):
temperature control in the part-per-billion range of a bulk helium The PCAM is used to evaluate the effects of gravity on vapor

diffusion protein crystal growth and to produce improved pro-sample near the superfluid transition at 2 K for testing the theory
tein crystals in microgravity for determination of molecularof critical phenomena under well-controlled static conditions. It

flew in the Low-Temperature Platform. (USMP-1) structures. Each PCAM cylinder contains 9 crystallization plates,
each having 7 sample chambers, for a total of 63 chambers per
cylinder. The total number of samples that can be flown in a

Low-Temperature Microgravity Physics Cryogenic Dewar: This Single-Locker Thermal Enclosure System unit is 378. (MSL-1,

apparatus supports different experiments, including the Lambda MSL-1R, STS-85, STS-95)
Point Experiment, the Confined Helium Experiment, and the

Critical Dynamics in Microgravity experiment. (USMP-4, MSP-1) Second-Generation Vapor Diffusion Apparatus (VDA-2): The

VDA-2 trays are protein crystal growth devices based on a syringe

Low-Temperature Platform: This apparatus provides a 2 K envi- assembly design to provide mixing of protein and precipitant solu-
tions in microgravity. A mixing chamber (third barrel) has been

ronment for fundamental physics experiments for up to 12 days added to the original double-barreled VDA syringes to improveon the shuttle. It also provides the mechanical and data interfaces
mixing during activation of vapor diffusion protein crystal growth

between the experiment and the shuttle carrier. The apparatus flight experiments. A Single-Locker Thermal Enclosure System
supported the Lamba Point Experiment and the Confined (STES) can accommodate four VDA-2 trays. Each VDA-2 tray
Helium Experiment. (USMP-1, USMP-4) has 20 sample chambers, for a total of 80 samples per STES.

(MSL-1, MSL-1R, Shuttle/Mir-6, STS-95)

Mechanics of Granular Materials Experiment Apparatus: This

instrument uses microgravity to gain a quantitative understanding Single-Locker Thermal Enclosure System (STES): The STES
of the mechanical behavior of cohesionless granular materials replaces a single middeck locker and provides a controlled tem-

under very low confining pressures. (Shuttle/Mir-4, Shuttle/Mir-8 ) perature environment within plus or minus 0.5° Cofa set point
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in the range from 4° C to 40° C. The STES houses a variety of Surface Tension-Driven Convection Experiment Apparatus:

protein crystal growth experiment apparatus, including the This apparatus is designed to provide fundamental knowledge
PCAM and VDA-2. (MSL-1, MSL-1R, Shuttle/Mir-6, STS-95) of thermocapillary flows, and fluid motion generated by surface

tension and temperature gradients along a free surface.
(USML-1, USML-2)

Solid SurfaceCombustionExperiment Apparatus:This instrument
is designed to determine the mechanism of gas-phase flame
spread over solid fuel surfaces in the absence of buoyancy-induced Transitional/Turbulent Gas let Diffusion Flames Experiment

or externally imposed gas-phase flow. (Multiple missions) Apparatus:This instrument is used to study the role of large-scale
flame structures in microgravity transitional gas jet flames. (Get

Space Acceleration Measurement System (SAMS): SAMS mea- Away Special Experiment)
suresand records the acceleration environment in the space shuttle
middeck and cargo bay, in the Spacelab, SPACEHAB, and on
Mir. (Multiple missions)

Space Acceleration Measurement System for Free-Flyers
(SAMS-FF): SAMS-FF measures and records the acceleration
environment on KC-135 parabolic aircraft, on suborbital rockets,
and on the space shuttle. (Multiple missions)

FlightExperimentHardwareDevelopedbyInternationalPartnersandUsedbyNASA's
MicrogravityResearchProgram

AdvancedGradientHeatingFurnace EuropeanSpaceAgency(ESA)
AdvancedProteinCrystallizationFacility ESA
AppliedResearchonSeparationMethodsUsingSpaceElectrophoresisFrenchNationalCenterforSpaceStudies(CNES)
Biolab GermanSpaceAgency(DARA)
Bubble,Drop,andParticleUnit ESA
CriticalPointFacility ESA
Cryostat GermanAerospaceResearchEstablishment(DLR)
ElectromagneticContainerlessProcessingFacility(TEMPUS) DARA
ElectromagneticFurnace DARA
FreeFlowElectrophoresisUnit NatiOnalSpaceDevelopmentAgencyofJapan(NASDA)
GradientFreezingFurnace ESA
LargeIsothermalFurnace NASDA
MaterialforStudyofInterestingSolidificationPhenomena CNES
onEarthandinSpace(MEPHISTO)
MicrogravityIsolationMount CanadianSpaceAgency(CSA)
MicrogravityMeasurementAssembly ESA
MirrorFurnace • NASDA
Quasi-SteadyAccelerationMeasurement DLR
QueensUniversityExperimentinLiquidDiffusion CSA
SatelliteTestof theEquivalencePrinciple ESA/NASA
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SpaceStationFacilitiesforMicrogravityResearch themost promising principal investigators (Pls) currently funded
byNASA havebeenscheduledto FCF availabilitybeyondthe

The MicrogravityResearchProgram (MRP)continuesto year2004.A PI's actual flight date will be determinedlater, based
developseveralmultiuser facilitiesspecificallydesigned for long- onmerit. This integratedapproachassuresthe maximumscientific
duration scientificresearchaboardthe InternationalSpace relevancyand return at the lowestcost.
Station (ISS).To obtainan optimal balancebetweensciencecapa-
bilities,costs,and risks,facilityrequirementsdefinitionshave Sinceits conceptdesignreview inDecember 1994,the pro-
beenaligned withevolvingspacestation capabilities.In total, the jecteddevelopmentcostof the FCF hasbeencut inhalf, while
MRP has definedrequirementsfor fivemultiuser facilitiesfor the the projectedscientificproductivityhas beenmore than doubled.
ISS: Compared toNASA-funded microgravityfluidsand combustion

experimentsflownon the spaceshuttle,ISSFCF experiments
• BiotechnologyFacility(BTF). willcostabout one-fifthtoone-third as much tobuild.The FCF
• Fluids and CombustionFacility(FCF). willuse three on-orbitracks working together toachievethe nec-
• Low-TemperatureMicrogravityPhysicsFacility(LTMPF). essaryeconomies-- one rack for combustionresearch,one for

• MaterialsScienceResearchFacility(MSRF). investigationsin fluid physics,and one sharedaccommodations
rack, which willprovide powerand diagnosticsto bothof the sci-

• MicrogravityScienceGlovebox(MSG). ence racks.In 1992,the hardware conceptwas substantially
revised toallowthe threeFCF racksto be launchedat intervals

BTF of approximatelyone year and operate independentlyuntil the
The BTF will accommodatesystemsto supportcellgrowth, last rack arrives.

tissueengineering,protein crystalgrowth, and fundamental In FY 1998,the first rack scheduledfor launch, the
biotechnologyresearchusing the microgravityenvironment and CombustionIntegrated Rack (CIR),was further developed.The
the extendedmissiontimeof the spacestation.In addition,this revisedFCF systemconcept, and the CIR in particular, was
facilitywill house the hardware for new areasof biotechnology reviewed bya nonadvocatecommittee at the hardware concept
researchthat are being explored.Due to funding limitations,the reviewinJune.TwopiecesofFCF-developedadvancedtechnology
Expedite Processingof Experimentsto SpaceStation (EXPRESS) receivedspecialrecognition:the FCF Embedded WebSoftware
Rack facilitywill be used to accommodatethe needsof biotech- Technologywon the NASA "Softwareof the Year"award, and
nologyresearchduring theearly phasesof the spacestation.The the ISS TRANSHAB consideredusing the FCF-developed
developmentof the BTF as a facilitydedicatedto meet the com- ElectricalPower Control Unit in placeof the standard ISS
prehensiveneedsof biotechnologyresearchershas beendelayed powercontrollers.

toa laterphase in the spacestation'soperationallife.Development The CIR willbe launchedin 2002,followedbythe Fluids
of the BTF is takingplaceat lohnson SpaceCenter. Integrated Rackin 2003,and the Shared AccommodationsRack

In fiscalyear (FY)1998,the two-year,on-orbitoperationof (SAR)in2004.When the SAR is on orbit,equipment will be
the BiotechnologySystem(BTS)facilityonboardRussianSpace movedamong the three racksto create the originallyenvisioned
StationMir was successfullycompleted.Operationof the BTS three-rack system,which will perform the full rangeof fluidsand
servedas an important riskmitigationeffort for the BTE combustionexperiments.The FCF projectoperatedwith minimal
Validationof BTF conceptsand operationsthrough long-duration staff in FY 1998.Staff will increaseslightlyin FY 1999,but full
operations,demonstrationof technologyand systemstosupport staffingis not planned beforeFY 2000.
biotechnologyinvestigations,verificationof BTF operationaland
training procedures,and fundamental scienceinvestigationswere LTMPF
included in the risk mitigationactivities.Final analysisof risk The LTMPF is beingdesignedat the Jet Propulsion
mitigationinvestigationswill be completedby 2000. Laboratoryto accommodatea diversegroup of long-duration

FCF microgravityexperimentsin low-temperaturephysics.In FY
1998,the LTMPFproject continuedits Phase A activities.The

The FCF will be a permanent on-orbitfacilitylocated in the projectteam workedto developa conceptualdesignand a science
U.S.LaboratoryModuleof the ISS.The FCF will support requirementsenvelopedocument (SRED), whichestablisheskey
NASA'sHuman Explorationand DevelopmentofSpacemicro- interfacedescriptions.The SRED developmentfocuseson meetinggravityprogram objectives.In particular,the FCF will accommo-
date and facilitatesustained,systematicmicrogravityfluid physics the detailedrequirementsof the current flight definitionexperi-
and combustionscienceexperimentsfor the lifetimeof the ISS, ments,while at the same timenot precluding the future flight of
definedas 10yearswithan option to extend to 15years.The anyof the current ground experiments.Basedon the resultsof
FCF is being developedbyLewis ResearchCenter,which is trade studies,it wasdecidedto changethe baselineconceptfrom
responsiblefor managing NASA'smicrogravityfluid physicsand a dual-instrumentdewar to twosingle-instrumentdewars.This
combustionscienceprograms.The capabilitiesand development baselinechangewill significantlyreduce the complexityof the
schedulefor the facilityhavebeentightlyintegrated with the sci- instrument integrationand test tasks,thereby reducingrisk to the
entificneedsand schedulesof theseprograms.As a consequence, program.The designwork culminated at the end of the year ina
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nonadvocateconceptdesignreview.Significantprogresswas also An overallpayloadaccommodationstudy wascompletedfor all
made in developing the instrument conceptthat will be used by approvedmaterialsscienceflight and flight definitioninvestiga-
the investigatorteams to achieveexperiment objectivesin the tions,alongwith preliminaryexperimentmoduleconceptsfor the
facility.The Fast AlternativeCryogenicTestbed (FACET) MSRF and a rack architecturestudy for the follow-onracks.

flight definition task for the LTMPF made good progress Initialproject conceptdefinitionand budget developmentin
toward its technologydemonstration milestone.To achieve support of flight opportunitieswere completedalong with
maximum synergy,the LTMPF industrial partner is developing experimentmodule trafficmodels,which projectthe potential
the electronicsfor FACET. Three additional flight definition long-termaccommodationof the variousmaterials scienceflight
investigationsfor the LTMPF were selectedfrom the 1996 investigations.A systemrequirements reviewfor the MSRR-1
NASA Research Announcement for fundamental physics.Two in-houseactivitywas completedin August 1998,as scheduled.
of the selectedprojects are in low-temperature physics,and one Developmentof the MSRF projectplan is wellunder way.This
is in gravitationalphysics.A slightlyearlier first launch planning plan describesthe top-leveloverallapproach tobe utilizedby
date for the LTMPF was negotiated with JohnsonSpaceCenter MSFC in the implementationof the MSRF projecton the space
and the MicrogravityResearch Program Office,although this station.In addition,appropriateimplementationplans havebeen
flight has not yet beenmanifested, initiated.These plansdelineatethe agreementsbetween the ESA

cooperativeeffortand the SpaceProduct Developmentcommercial
]_SRF experimentmoduleaccommodationon MSRR-1.Development

The MSRF is beingdesignedto meet the near-term and of the preliminary MSRF integrationrequirementsdocument
long-range goalsof the microgravitymaterialsscienceprogram was completedand is in review.This document identifiesthe
and its evolvinggroup of peer-reviewedscienceinvestigations, responsibilitiesof thevariousexperimentmoduledevelopersduring
The facilityis expectedto fulfillthe sciencerequirementsof payloadintegration into eachMSRFrack.
increasinglysophisticatedmicrogravityinvestigationsand toper-
mit the developmentof experimentequipmentfor research MSG
throughout the lifeof the ISS.Developmentof the MSRFis taking The MSG is a multidisciplinaryfacilityfor small,low-cost,
placeat MarshallSpaceFlight Center (MSFC). rapid-responsescientificand technologicalinvestigationsin the

The initial conceptfor the MSRFconsistsof threeMaterials areas of biotechnology,combustionscience,fluid physics,funda-
mental physics,and materialsscience.It allowspreliminary dataScienceResearchRacks(MSRR-1,MSRR-2,and MSRR-3),

which will be developedfor phaseddeploymentbeginningon the to be collectedand analyzedprior to any major investmentin
third UtilizationFlight (UF-3).The MSRRswill accommodate sophisticatedscientificand technologicalinstrumentation.
investigationsin basicmaterialsresearchand applicationsin the Additionally,its enclosedworking volumeoffersa safeinterface

between spacestationcrewmembers,the environmentof thefieldsof solidificationof metalsand alloys,thermophysicalprop-
erties, polymers,crystalgrowth of semiconductormaterials, spacestation,and investigationson potentiallyhazardousmaterials.

NASA'sprevioussuccesseswith gloveboxesflownon the spaceceramics,and glasses.Each MSRRis a stand-alone,autonomous
shuttle and on Mir providedvaluableexperiencein determiningrack and will be composedof on-orbit replaceableexperiment
the requirementsfor the MSG.modules;module inserts;investigationunique apparatus;and/or

multiuser,genericprocessingapparatus.Developmentof the first The MSG is beingdevelopedthrough an international
MSRRconfiguration is beingcoordinatedwith the development agreementbetweenNASA and ESA. In exchangefor developing
of the NASA/EuropeanSpaceAgency(ESA)experimentmodule, the MSG,the agreement providesESAwith earlyutilization
which will be deployedon MSRR-1.Additional experiment opportunitiesin the facilitywithout any exchangeof funds
modules for MSRR-2and MSRR-3will be developedin the betweenthe two agencies.ESA'sprime contractor for the MSG is
future. The experimentmodulesfor eachrack will be designedto Daimler-BenzAerospace.In FY 1998,the MSG project entered
be "smart" furnaces,includingavionicspackagesdesigned to the criticaldesignreviewphase.The MSG is tentativelyscheduled
support each unique investigation.The experimentmodulesfor to launch to the ISSin November 2000.
MSRR-2and MSRR-3will be consistentwith the developing
rack architecturestudiesconductedat MSFC and will haveopti- Ground-Based Micr0gravityResearchSupp0rl
mum flexibilityto supporton-orbit maintenanceand change-out Facilities

of key components. In FY 1998,NASA continuedto maintainveryproductive
In FY 1998,significantprogresswas made on the MSRE ground facilitiesfor reduced-gravityresearchthat includeKC-135

Sciencerequirementswere coordinatedwith the variousmaterials parabolicflight aircraft, a drop tower,the Zero-GravityFacility,a
scienceinvestigatorswho willutilize the facility,and a draft of drop tube,and severalother facilities.The reduced-gravityfacilities
the SRED for MSRR-1wasdevelopedand is nearing release.In at JohnsonSpaceCenter (JSC),LeRC, and MSFChavesupported
addition, work beganon the SREDs for MSRR-2and MSRR-3. numerous investigationsaddressingvarious processesand
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phenomena in several research disciplines. A state of apparent the drop tower to date. In FY 1998,as in the past several years,
weightlessness, also known as microgravity, can be created in drop tests averaged about 100 per month.

these facilities by executing a freefall or semi-freefall condition Reduced-gravity conditions in the drop towers are created

where the force of gravity on an object is offset by its linear accel- by dropping an experiment in an enclosure, known as a drag
eration during a "fall"(adrop in a tower or a parabolicmaneuver by shield, to isolate the test hardware from aerodynamic drag during a
an aircraft). Even though ground-based facilities offer relatively 24-m freefall in the open environment. Some 32 experiments

short experiment times of a few to 20 seconds, this available test were supported during the 1,417drops performed in FY 1998.As
time has been found to be sufficient to advance the scientific in the past, several of these experiments were in support of the

understanding of many phenomena. Also, many experiments development of experiments that Willbe conducted in space. The
scheduled to fly on the space shuttle and the International Space steady utilization of the drop tower is expected to continue as
Station are tested and validated in the ground facilities prior to many new experiments are in the design and fabrication phases
testing in space. Experimental studies in a low-gravity environ- of development for the coming years.

ment can provide new discoveries and advance the fundamental The Zero Gravity Research Facility at LeRC, a registered

understanding of science. Many tests performed in NASA's U.S. national landmark, provides a quiescent low-gravity envi-
ground-based microgravity facilities,particularly in the disciplines ronment for a test duration of 5.18 seconds as experiments are
of combustion science and fluid physics, have resulted in exciting dropped in a vacuum chamber that goes 132m underground.
findings that are documented in a large body of literature. Aerodynamic drag on the freely falling experiment is nearly

In FY 1998,JSC's KC-135 became the primary aircraft for eliminated by dropping in a vacuum. This procedure restricts
reduced-gravity research. Like its predecessor, the DC-9, the drop tests to two per day, resulting in fewer projects supported in
KC-135 can accommodate several experiments during a single this facility than in the 2.2-Second Drop Tower. However, the

flight. Low-gravity conditions of approximately 20 seconds can be relatively long test time and excellent low-gravity conditions
obtained as the aircraft makes a parabolic trajectory. The trajectory more than compensate for the lower test throughput rate. In FY

begins with a shallow dive to increase air speed, followed by a 1998,seven major projects were supported as 154 test drops were
rapid climb at up to a 50-55 degree angle. The low-gravity period executed.
begins with the pushover at the top of the climb and continues
until the pullout is initiated when the aircraft reaches a 40 degree The Drop Tube Facility, located at Marshall Space Flight
downward angle. During the parabola, an altitude change of Center, consists of sections of a 26-cm diameter stainless steel pipe
approximately 6,000 feet is experienced. Over 50 parabolas can be vertically assembled into a tube of 105 m in length. Completely
performed on a single flight. In FY 1998,68 experiments were evacuated of air, the tube can produce freefall times of 4.6 seconds.
performed during 3,925 trajectories over 159flight hours. Vacuum levels of less than a billionth of an atmosphere are achiev-

able. The drop tube is especially useful for high-temperatureThe LeRC 2.2-Second Drop Tower obviously offers a shorter
material processing assays, as well as experiments in droplettest time than the KC-135, but its simple mode of operation and
dynamics and engineering tests such as the ones designed to yieldcapability of performing several tests per day make it an attrac-

tive and highly utilized test facility, particularly for performing results for the Tethered Satellite Mission. In FY 1998,three
evaluation and feasibility tests. The drop tower is able to provide experiments were supported during 334 drops.
gravitational levels that range from 0.01 of Earth's gravitational Table 11 summarizes activities at ground-based microgravity
acceleration to 0.0001.Over 17,000tests have been performed in research facilities in FY 1998.

UseofGround-BasedLow-GravityFacilitiesinFY1998

Numberof investigationssupported 68 32 7 3

Numberofdropsortrajectories 3,925 !,417 154 334

Numberofflighthours 159 N/A N/A N/A
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Getting the word out about what microgravity researchers Microgravity News to public and private associations, corporations,
do and why they do it is crucial to maintaining the strength and laboratories, and education resource centers continues to grow.
relevance of the science program. The Microgravity Research The newsletter can also be accessed on the WWW at

Program's (MRP's) outreach efforts are aimed at a broad audience http://mgnews.msfc.nasa.gov/site/.

that includes researchers at other institutions who have not yet The Microgravity Research Program Office's WWW home
considered the benefits of conducting their experiments in micro- page at http://microgravity.msfc.nasa.govcontinues to provide regular
gravity, industrial engineers and scientists, students in all grade updates on upcoming conferences, microgravity-related research
levels, instructors and administrators in a variety of educational announcements, enhanced links to microgravity research centers,
settings, and the lay public. Methods for reaching out to these educational links, and links to the newly developed microgravity
groups are also broad. Microgravity researchers and support per- image archive. A list of important microgravity WWW sites is
sonnel are involved in a number of outreach activities that presented in Table 12.
include visiting classrooms, staffing exhibits at national confer-
ences, offering tours and open houses at microgravity science The MRP was represented to more than 25,000 attendees at
facilities, and sponsoring student researchers at NASA research the biennial conference of the American Association of Retired
centers. Print and World Wide Web (WWW) publications high- Persons in Minneapolis, Minnesota, the week of June 1-5. During
lighting specific research projects allow the MRP to reach a the conference, the Human Exploration and Development of
worldwide audience. Space exhibit was on display in the NASA exhibit area. A biore-

actor was also on display and operating at the booth, generating
In fiscal year (FY) 1998,more than 39,000 elementary and particular interest among conference-goers. Other conferences at

secondary school teachers and administrators attended annual which exhibits and materials developed by the Microgravity
meetings of the National Science Teachers Association, the Outreach and Education staff in FY 1998were used include the
National Council of Teachers of Mathematics, and the

American Association for the Advancement of Scienceconference,
International Technology Education Association. These confer- the NASA University Research Centers Conference, the National

ences give NASA the opportunity to demonstrate new ways to Manufacturer's Association conference, and the biennial Space
teach students about the importance of microgravity research. '98 conference.
Microgravity science posters, teacher's guides, mathematics briefs,

microgravity demonstrator manuals, microgravity mission and ResearchCenterActivities
science lithographs, and WWW microgravity site sheets were
distributed to teachers at these conferences. The MRP was very active in education and outreach in FY

1998.One center-wide activity is the Graduate Student Research
In addition to these efforts, several new microgravity edu-

cation products were developed and made available to educators Program (GSRP). From a national pool of 67 applicants who sub-
mitted research proposals to NASA to perform microgravityin FY 1998. Four new grade level-specific microgravity mathe-

matics posters were developed and over 5,000 were distributed research, 13graduate students were selected to receive support

at national education conferences. A new video describing the for ground-based microgravity research during 1998-99, under
microgravity demonstrator was developed and submitted to the the GSRP. Graduate students who will conduct a portion of their

research at a NASA facility were also selected. All selections were
NASA CORE educational product catalog for distribution.

based on a competitive evaluation of academic qualifications, pro-"Microgravity -- A Teacher's Guide With Activities in Science,
Mathematics, and Technology" was revised as a NASA posed research plans, and the student's projected use of NASA

and/or other research facilities. A list of the graduate studentsEducational Guide. Efforts were increased in FY 1998 to make
selected to perform research in 1998-99 may be found ateducators aware of all the microgravity research education

products that are available online through microgravity research http://micrograv@.nasa.gov/gsrp.html.

program WWW pages, NASA Spacelink, and the NASA Jet PropulsionLaboratoryCORE education distribution system.

The MRP'squarterly newsletter, MicrogravityNews, continues JPL hosted 10college students as summer interns in FY
1998.The students, many from colleges without substantial bud-to reach thousands of K-12 teachers,curriculum supervisors, science

writers, university faculty, graduate students, scientists and win- gets for research, were expected to make significant contributions
to the research projects they worked on during their summercipal investigators, and technology developers. Microgravity News
tenure. The students wrote computer programs, helped designfeatures articles on experiment results, shuttle missions, science

and technology developments, research funding opportunities, hardware for magnetostrictive devices, and processed and tested
meetings, collaborations, and microgravity science researchers, superconducting materials being applied to low-temperature
Distribution for each newsletter has grown to 10,300copies, an devices. JPL continues its involvement in the educational activity
increase from the 9,082 copies distributed last year. A marked rise begun last year in cooperation with the California Institute of
has been seen in the number of individuals requesting to be Technology Pre-College Science Iriitiative. JPL scientists are
added to the mailing list via e-mail submission to the new address working with middle school teachers to develop materials with
microgravitynews@msfc.nasa.gov.In addition, distribution of an emphasis on gravity effects on fluid behavior. These materials
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will be used bymiddle schoolstudents in an inquiry-based presenterswere severalLeRCpersonnel.Howard Ross,Robert
learning environment.IPL scientistsare alsoactivelyengagedin Friedman, and SandraOlsongavepresentationson combustion
outreach to the community.Severalhave taken kits displaying science.Rossgavea talk titled "Burning to Go:Combustionon
low-temperaturephenomenatograde schoolsand high schools. Orbit and Mars;"Friedman spokeon "SpacecraftFire Safety;"
At the IPL Open House in June 1998,IPL scientistsinteracted and Olsonlecturedon "Out of This World Fire Science:How
with more than 10,000visitorsin the CryogenicsLaboratory, SolidsBurn in Microgravity."Representingfluidphysics,Francis
where demonstrationson topicsranging from levitatingmagnets Chiaramontegavea presentationon"PoolBoilinginMicrogravity"
to the behaviorof superfluid heliumwere conducted, asa topicof interestrelativeto the ISU MicrogravityActivities

for Generating International Cooperation (MAGIC)design

JohnsonSpaceCenter project.Henry Nahra, project scientistfor the Behaviorof

Membersof the biotechnologycell scienceprogram at ISC RapidlyShearedBubblingSuspensionproject,presenteda lecture
alsoparticipated in numerous educationaland outreach pro- on aspectsof his work in a discussionwith the MAGIC project
grams throughout FY 1998.These eventsincluded presentations designteams.Dennis Stockerorganized toursof microgravity
and exhibits on the bioreactorat the DefenseOrientation exhibitsin LeRC'sVisitor'sCenter and Zero-GravityFacility.
ConferenceAssociationmeeting, TexasChildren's Hospital, a Stockerand Eric Baumannused a microgravitydemonstratorto
conferenceat the Universityof TexasMedicalBranchat explainthe principleof freefalland leda tour thatwatcheda drop
Galveston,and the Greater Houston Partnership state legislators' in the 2.2-SecondDrop Tower.David Franciscopresentedthe
visit. A bioreactor demonstration was presentedat the JSC CombustionIntegrated Rack, which will be placedon the
Open House, and biotechnologycell scienceprogram personnel International SpaceStation.

volunteered to support exhibitdisplays.In addition to these LeRCalsohostedover40summer studentsand highschool
activities,severalbiotechnologypersonnelservedas judges for and collegefacultyunder the sponsorshipof a number of summer
the 1998Houston-area high schoolsciencefair,held at the programs.Thesesummer employeeswere ableto contributetheir
George R. Brown Convention Center, and during Engineering talentsand skillsto the microgravityresearchprogramand interact
Week, biotechnologypersonnelvisited schoolsin Clear Lake,

withNASA scientistsand engineersin bothofficeand laboratory
Texas,to promote engineeringstudies.

settings.The programsoffered the studentsand facultyopportu-

LangleyResearchCenter nitiesto acquirenew skillsand firsthandexperienceusing NASA's
"Connect-- Microgravity:Doing More inLess,"oneof four uniquefacilities.Mostof thestudentsand teacherswereintroduced

liveeducationalprogramsproduced this yearby the LaRC to the programthrough the Lewis Educationaland Research
Education Office,was aired April 23, 1998,on PBSstationsin CollaborativeInternshipProgram,the LewisSummerHigh School
Alabama, Kentucky,Ohio, South Carolina,and Virginiaand to ApprenticeshipResearchProgram,or the National Center for
other viewersin the United Statesvia the StarNET system.The MicrogravityResearchSummerInternship Program.
program was selectedfor the 1998Aurora Gold Award, under Exhibits describingmicrogravityfluidsand combustion
the categoryof instructionaland scienceeducation.The Aurora research, the future of microgravityresearch on the Inter-
Awards are designedto recognizeindependentexcellencein the national SpaceStation,and educationaloutreach performed by
film and video industries.The programfocusedon microgravity the MRP were provided at a number of events, including the
researchand was hostedby ShelleyCanright, LaRC pre-college installationof a drop tower in the LewisVisitor'sCenter; dis-
officer.SenatorJohn Glenn and NASA researchersfrom MSFC playsand demonstrationsat the National ScienceOlympiad;the
(FeleciaEwing) and LeRC(Nancy RabelHall) were featured. 34th !oint PropulsionConferencesponsored bythe American
Pre-viewingactivitiesfor gradesK-4 and 5-8, whichwereincluded Instituteof Aeronauticsand Astronautics, the AmericanSociety
in the 50-pageprint material for the show,were developedin

of MechanicalEngineers, the Societyof AutomotiveEngineers,
part by LeRCMicrogravityScienceDivision(MSD)staff.The

and the American Societyfor Engineering Education; and a"Connect"videoseriesis typicallyreplayedon NASA TV several
times throughout the yearas part of the standard NASA TV SpaceStation Celebrationevent at LeRC in which 1,000people
EducationFile. learnedmore about NASA, the International SpaceStation,and

microgravityresearch.In addition, LeRC MSD representatives
LewisResearchCenter used the microgravitydemonstrator and other devicesat the

The 11th Summer SessionProgram of the International Cedar Point and Geauga Lake amusement parks during their
SpaceUniversity(ISU)brought 88studentsand more than 187 annual PhysicsDays to explainmicrogravity to middle and high
faculty,staff,researchassistants,and distinguishedlecturersfrom schoolstudentsand teachers.The MRP was alsorepresented in
32countriesto Cleveland,Ohio, this summer.The sessionwas the NASA exhibit at AirVenture '98. AirVenture '98was the

hostedby ClevelandState University(CSU)and the Ohio 44thannual fly-inat Oshkosh, Wisconsin.The event was spon-
AerospaceInstitute (OAI) and sponsoredby LeRC,OAI, CSU, sored by the ExperimentalAircraft Associationand drew a
and a group of northern Ohio businesses.Amongthe invited record 855,000visitors.
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Microgravity research media events coordinated by LeRC Pharmaceutical Association membership through a NASA session

included the following highlights: titled "Pharmacy in Space."

* Howard Ross, a senior researcher in the microgravity com-
bustion science program, was a key participant in the MicrogravityDataArchiving
February 1998PBS video conference titled "ISS -- Open for The Microgravity ResearchProgram Officeat MSFC manages
Business." the Microgravity Flight Data Archive (MFDA), which houses

• A 15-minute segment on the History Channel's program descriptions of experiment procedures and results, lists ofpubli-
"Fire Fighting -- Extreme Conditions: Fire in the Sky," was cations, and points of contact for flight-based microgravity laves-
broadcast March 17, 1998. tigations. The archive has elements that reside at MSFC

• Popular Science included microgravity fire and fluids photos (biotechnology and materials science investigations) and LeRC
as part of an article on the International Space Station in its (investigations in combustion scienceand fluid physics).In FY
spring 1998 issue. 1998, the MSFC portion of the MFDA became interoperable

with the European Space Agency's (ESA's)online Microgravity
• A sidebar piece by Ross on candle and solid combustion was Database. This cooperative work led to the design of the

included in an article by Shannon Lucid in the May 1998 International Distributed Experiment Archives (IDEA), which
issue of Scientific American. allows a single access point for searching and browsing informa-
LeRC MSD representatives arranged more than 40 school tion on microgravity experiments from both archives. IDEA is

visits and tours at LeRC. In addition, MSD representatives available at kttp://mgravity.itsc.uak.edu/microgravity/idea/idea.stm.
arranged classroom visits by astronauts Donald Thomas and FY 1999plans for IDEA include developing access to the Japanese
Roger Crouch and by Russian Academy of Science member space agency's (NASDA's) online microgravity database.

Vadim Polezhaev. Also in FY 1998,the local web pages and underlying database

FlightCenter for the MSFC biotechnology and materials science elements ofMarshallSpace the MFDA were updated. The IDEA web site now provides an
MSFC's Microgravity Outreach and Education Office hosted integrated interface for searching local and international records.

several tours and workshops. Araong these events was a tour for Records from recent experiments were added, and duplicate ESA
50 U.S. and 30 international teachers selected by their respective records were purged. Plans for FY 1999are to begin redesigning
state or country as Teacher of the Year. Their teaching disciplines the archive database for integration of information from multiple

included not only science and technology but also English, special sources, enhance reporting capabilities, as well as to provide inter-
education, math, music, geography, and foreign languages. The active tools to allow experiment investigators to directly enter

Outreach and Education Office provided four separate groups of information into the archive database.

teachers with an overview of microgravity and the benefits of LeRC has been actively building its archive collection in the
conducting research in space. Microgravity educational products areas of combustion science and fluid physics. There are over 715

were made available to all teachers, and those teachers not in the combustion science papers and over 446 fluid physics papers in
science or math disciplines were encouraged to share them with the archive; a listing of the papers by author, along with abstracts
their math and science colleagues, from the papers, is being made available on the WWW. The

A display providing an overview of each of the five micro- experiments database currently consists of information on a number
gravity science disciplines and a description of how microgravity of recent experiments, along with information on a few experiments

from earlier missions. This information, contained in Experimentis achieved was developed and installed in the new Microgravity
Data Management Plan (EDMP) databases, includes such items

Development Laboratory building at MSFC. The graphics devel-
as experiment descriptions; lists of publications associated with

oped for this display will serve as the foundation for future the experiment; summaries of experiment results and data; and
exhibits and brochures, listings of videos, photos, and digital data. In FY 1998,archivists

An updated version of the MSFC biotechnology program continued gathering data on fluids and combustion experiments
exhibit made its rounds to national conferences and meetings for from all missions previously flown. The EDMPs are being for-
the first time in 1998and exposed many in the scientific community matted for the WWW and will be available online in FY 1999.

to the program. Approximately 4,500 scientists and professionals Photographs from the experiments will also be added to the data-
affiliated with the Biophysical Society, the American base in late FY 1999and early FY 2000.

Pharmaceutical Association, the Biomaterials Society, and the
American Crystallographic Association received information at

conferences and through mailings about NASA's role in the field
of biotechnology. In addition, 134 names were added to the
biotechnology database that will be used to inform scientists of

future NASA Research Announcements. The program shared its
exciting protein crystal growth story with the American
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ImportantMicrogravityWWWSites

NASAHomePage ShuttleFlights
Information and links to all NASA centers Information on the most recent mission with links to all shuttle

http://www.nasa.gov/ flights to date

Micr0gravityResearchDivisionHomePage kttp://spaceflzgkt.nasa.gov/skuttle/index.ktml
NASA headquarters' Microgravity Research Division and InternationalSpaceStation
microgravity sites with links to other news and programs and General and detailed information about the development of the
NASA Research Announcements International Space Station, including links to recent news,
http://rnicrogravity.hq.nasa.gov/ details of assembly, and images

Micr0gravityResearchProgramHomePage kttp://spaceflzgkt.nasa.gov/station/index.ktml
Information about microgravity research activities with links to WhatIsMicr0gravity?
image archives and related science and technology web sites The definition of microgravity and how it is achieved
http://microgravity.msfi'.nasa.gov/ kttp://microgravity.msfc.nasa.gov/wimg.ktml

MicrogravityNewsHomePage LeRCMicrogravityScienceDivisionEducationalInformation
Online issues of Microgravity News, a quarterly newsletter LeRC microgravity educational activities and links to other
about the field of microgravity science NASA educational sites
kttp://rngnews.rnsfc.nasa.gov/site/ http://zeta.lerc.nasa.gov/new/sckool.ktm

MarshallSpaceFlightCenter(MSFC)HomePage NASASpucelink:AResourceforEducators
Information about MSFC, current shuttle missions, the NASA education information, materials, and services, including
International Space Station, and research at MSFC's labs NASA Educator Resource Centers
http://wwwl.msfc.nasa.gov/ http://spacelink.nasa.gov/

LewisResearchCenter(LeRC)HomePage Spacelink:MicrogravityTeacher'sGuide
Information on LeRC, including the work ofits Microgravity Microgravity Teacher's Guide with physical science activities for
Science Division and descriptions of special facilities, such as the grades 6-12
Wind Tunnel Complex, the Propulsion System Laboratory, and http://spacelink.nasa.gov/InstruetionaLMaterials/NASA.Educational.
drop towers Products/Microgravity/

kttp://www.lerc.nasa.gov/ MicrogravityMeetingsandSymposia
JetPropulsionLaboratory(JPL)H0mepage Bulletin board of meetings, conferences, and symposia, and a list
Links to the latest news, status reports, and images from JPL's of societies and web sites of interest to the microgravity science
missions, as well as information about the laboratory at JPL community
http://wwwjpl.nasa.gov/ http.'//zeta.lerc.nasa.gov/ugml/ugml.htm

MicrogravityCombustionandFluidsDatabase
Information on microgravity combustion science and fluid
physicsexperiments
http://www.lerc.nasa.gov/WWW/MCFEP/

MicrogravityResearchExperiments(MICREX)Database
Information on microgravity experiments with a link to the
European Space Agency (ESA) Microgravity Database
kttp://mgravity.itsc,uak.edu/microgravity/micrex/micrex.stm

ESAMicrogravityDatabase
Experiment descriptions, results, diagrams, and video sequences
http.'//www.esrin.esa.it/ktdocslrngdblmgdbhome.html

Zero-GravityResearchFacility
Description and images of one of the LeRC drop towers
http://zeta.lerc.nasa.gov/facility/zero.ktm

NASAHumanSpaceflight
A comprehensive source for information on NASA's spaceflight
programs that support the Human Exploration and
Development of Space Enterprise
kttp:l/spaceflight.nasa.gov/index-n.ktml
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Funding for the Microgravity Research Program in fiscal year Figure2 - FY 1998microgravityfundingdistributionby missionfunction

(FY) 1998totaled $139.6million.This budget supporteda variety
of activitiesacrossthe microgravity sciencedisciplinesof biotech-
nology,combustionscience,fluid physics,fundamentalphysics,and
materials science(the AdvancedTechnologyDevelopment
Program is alsoshownin thisdepiction),includingan extensive
ground-based researchand analysisprogram; developmentand
flight of microgravityshuttle and sounding rocketmissions;ISS
planning,technology,and hardware development;and educational
outreach.The funding distributionfor combinedflight and ground
efforts in the variousmicrogravityresearchdisciplinesis illustrated

inFigure 1. Middecko_ayloads
Spacelabo_ayloads

HH/GAS/SRpayloads3%

Figure 1 - FY 1998microgravityfundingdistributionby science discipline The Microgravity Research Program operates primarily

Advancedtechnology through four NASA fieldcenters.Figure 3 illustratesthe funding
distributionamong thesecentersand includesNASA headquarters
funding. The MicrogravityResearchProgram sciencediscipline
authority and major responsibilitiesare as follows:

• JetPropulsionLaboratory-- fundamental physics.

• JohnsonSpaceCenter -- celland tissuecultureportionof
the biotechnologydiscipline.

• LewisResearchCenter-- combustionscience,fluidphysics,
and microgravitymeasurementand analysis.

• MarshallSpaceFlightCenter -- materialsscience,biotech-
nology,and the gloveboxprogram.

Figure 2 presents the funding distribution by microgravity Figure 3 - FY 1998 microgravityfunding distributionby NASA field centers

missionfunction.Included in this representationis the researchand

analysiselementthat supports the ground-basedmicrogravityprin- LangleyResearchCenter Headquarters
cipal investigators(Pls)notcovered ina mission-specificbudget. PI <1%_ r_4°/o
funding associatedwith flight investigationsand flight services
(includingscience,engineering,and managementsupportand par-
abolicaircraftand suborbitalrocketfees)is identified.Middeck
payloads;Spacelabpayloads;and Hitch-Hiker (HH), Get-Away
Specials(GAS),and SuborbitalRocket(SR)payloadsare separately
identified.The NASA Researchand Technology(R&T)institu-
tionalportion coverselementssuchas Program MissionSupport
and Headquarters-Incurred Costs.The InternationalSpaceStation
(ISS)element representsfunding for experimentsfor the ISSand
Mir programs.
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NASNs goal is to improve the quality of life on Earth by
using ground- and space-based research to promote new scientific
and technological discoveries. The Microgravity Research
Program plays a vital role in our nation's economic and general
health by carefully selecting, funding, and supporting scientists
across the country. It also serves as an important link in the inter-
national endeavors that are the hallmark of America's space pro-
gram, which is conducting business better, cheaper, and faster
through cooperative ventures and other streamlined practices.

By disseminating knowledge and transferring technology
among private industries, universities, and other government
agencies, NASA's Microgravity Research Program continues to
build on a foundation of professional success, evidenced by the
number of publications and conferences attended, while reaching
out to encompass the populace at large. Educational outreach and
technology transfer are among the program's top goals, making
the benefits of NASA's research available to the American public.
Space shuttle and Mir research missions, as well as experiments

performed in short-duration microgravity facilities, are yielding
new understanding about our world and the universe around us,
while paving the way for long-duration microgravity science on
the International Space Station.

For more information about NASA's Microgravity Research
Program, use the following contact information:

Microgravity Research Division
NASA Headquarters
300 E Street, S.W.
Washington, D.C. 20546-0001

Fax: (202)358-3091
Phone: (202) 358-1490
World Wide Web address:

http://microgravity.hq.nasa.gov/
http://microgravity.msfc.nasa.gov/



AADSF.............. Advanced Automated Directional DC/PCG.......... Dynamically Controlled Protein Crystal

Solidification Furnace Growth Apparatus

ACES.................. Atomic Clock Ensemble in Space DLR.................... German Aerospace Research
AIAA.................. American Institute of Aeronautics and Establishment

Astronautics DPIMS .............. Diffusion Processes in Molten

AIChE................ American Institute of Chemical Engineers Semiconductors

AIDS.................. acquired immunodeficiency syndrome EDMP................ Experiment Data Management Plan

APS .................... American Physical Society ELF.................... Enclosed Laminar Flames

ARIS.................. Active Rack Isolation System ERE.................... Extensional Reology Experiment

ASME ................ American Society of Mechanical Engineers ESA.................... European Space Agency

ATD.................... Advanced TechnologyDevelopment ESTEC................ European Space Research and Technology

atm.................... atmosphere Center

BDU.................... Bioreactor Demonstration Unit EXPRESS.......... Expedite Processing of Experiments to

BEC.................... Bose-Einstein condensation Space Station

BI03D ................ Biotechnology of Three-Dimensional FACET................ Fast Alternative Cryogenic Testbed
Tissue Engineering FCF.................... Fluids and Combustion Facility

BRS.................... Bioproduct Recovery System FDA.................... Food and Drug Administration

BSTC..................BiotechnologySpecimen Temperature FY ...................... fiscal year

Controller GAS.................... Get Away Special

BTF.................... Biotechnology Facility GMSF................ Growth and Morphology of Supercritical

BTR.................... Biotechnolgy Refrigerator Fluids

Coltech............ California Institute of Technology GN2.................... gaseous nitrogen

CDOT................ Colloid Disorder-Order Transition GRP.................... gravitational and relativistic physics

CGEL.................. Colloid Gelation Experiment GSM .................. Gas Supply Module

CHeX ................ Confined Helium Experiment GSRP ................ Graduate Student Research Project

CHT.................... Capillary-Pumped Heat Transfer HEDS.................. Human Exploration and Development of

CIE...................... Center for Interracial Engineering Space

CIR .................... Combustion Integrated Rack HH...................... Hitch-Hiker

CNES.................. French space agency HIV .................... human immunodeficiency virus

COCULT............ Biotechnology Cocuhure HOST ................ Hubble Space Telescope Orbital

COLLIDE............ Collision Into Dust Experiment Systems Test

COSPAR............ Committeeon SpaceResearchofthe HRT....................high-resolutionthermometer
International Council on Scientific Unions IDEA.................. International Distributed Experiment

CPL.................... capillary-pumped loop Archive

CSA.................... Canadian Space Agency IDGE.................. Isothermal Dendritic Growth Experiment

CSU.................... Cleveland State University IFFD .................. Internal Flows in a Free Drop

CI...................... computed tomography IM[ .................... International Microgravity Laboratory

CVX.................... Critical Viscosityof Xenon IMSPG .............. International Microgravity Strategic

CWRU................ Case Western Reserve University Planning Group

DACS.................. Data Acquisition and Control System IPCG.................. Interferometry of Protein Crystal Growth

DARA................ German space agency ISS .................... International Space Station

DCAM..................Diffusion-Controlled Protein Crystallization ISU .................... International Space University

Apparatus for Microgravity JPL .................... Jet Propulsion Laboratory
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JSC....................JohnsonSpaceCenter OPCG................ObservableProteinCrystalGrowth
LCAP..................lasercoolingand atomicphysics Apparatus
LeRC..................Lewis ResearchCenter OSA....................Optical Societyof America

LIF......................Large IsothermalFurnace PCAM................Protein CrystallizationApparatus for
LMS....................Life and MicrogravitySpacelab Microgravity

LPE....................Lambda Point Experiment PCG....................protein crystalgrowth
LTCMP..............low-temperaturecondensedmatter PEP....................Particle Engulfmentand Pushing bya

physics Solid/LiquidInterface
LTMPF..............Low-TemperatureMicrogravityPhysics PI........................principalinvestigator

Facility PIMS..................Principal InvestigatorMicrogravity
MAGIC..............microgravityActivitiesforGenerating Services

International Cooperation PMMA..............polymethylmethacrylate
MAMS................MicrogravityAccelerationMeasurement RDR....................requirementsdefinitionreview

System RSV....................RespiratorySynctialVirus

MEPHISTO..........Materialfor the StudyofInterestingSolidi- R&T..................Researchand Technology
ficationPhenomenaon Earth and in Space SAMS................SpaceAccelerationMeasurementSystem

MFDA................MicrogravityFlightData Archive SAMS-FF..........SpaceAccelerationMeasurementSystem
MGM..................Mechanicsof Granular Materials for Free Flyers
MGMG..............MicrogravityMeasurementsGroup SAR....................Shared AccommodationsRack

MICREX............MicrogravityResearchExperiments SBSL..................singlebubblesonoluminescence

MIT....................MassachusettsInstitute ofTechnology SCR....................scienceconceptreview
MMA..................MicrogravityMeasurementAssembly SL......................Spacelab
MRD..................MicrogravityResearchDivision SR ......................SuborbitalRocket

MRP..................MicrogravityResearchProgram SRED..................sciencerequirementsenvelopedocument

MRPO................MicrogravityResearchProgramOffice SSCE..................SolidSurfaceCombustionExperiment
MSD..................MicrogravityScienceDivision STES..................Single-LockerThermal EnclosureSystem
MSFC................MarshallSpaceFlight Center STS....................SpaceTransportationSystem
MSG..................MicrogravityScienceGlovebox TEMPUS............ElectromagneticContainerlessProcessing
MSL....................microgravityScienceLaboratory Facility
MSRF................MaterialsScienceResearchFacility TGDF................Turbulent Gas-JetDiffusionFlames

MSRR................MaterialsScienceResearchRack TMS..................Minerals,Metals,and MaterialsSociety
MW....................molecularweight UF......................UtilizationFlight

NASDA..............Japanesespaceagency USML................UnitedStatesMicrogravityLaboratory
NCMRfc............NationalCenter for MicrogravityResearch USMP................United StatesMicrogravityPayload

on Fluids and Combustion VDA....................Vapor DiffusionApparatus
N]H....................NationalInstitutesof Health WCI....................Wetting Characteristicsof Immiscibles
NIST..................National Institute of Standards and WWW................World Wide Web

Technology ZellO..................CriticalFluidLight ScatteringExperiment
NMR..................nuclear magneticresonance
NRA....................NASA ResearchAnnouncement
NSF....................National ScienceFoundation

OAI....................Ohio AerospaceInstitute

OARE................Orbital AccelerationResearchExperiment
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