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Preface

For many years, the Space Studies Board (SSB) has provided scientific advice

to the National Aeronautics and Space Administration (NASA) in discipline-orient-

ed strategy reports intended to assist NASA in developing the best possible scientif-
ic research programs for the future. In 1989, the SSB created the Committee on

Microgravity Research (CMGR) to investigate the maturity and readiness of the

field for the development of a long-range, comprehensive research strategy. The

report of that committee, Toward a Microgravity Research Strategy (National Acad-
emy Press, Washington, D.C., 1992), concluded that "the field as a whole would

benefit from the formulation of a long-range research strategy and that such a

strategy should be developed as soon as possible" (p. 1).

The CMGR was then made a standing committee of the SSB and was

charged with developing that strategy. After careful consideration of the current
status and content of the microgravity program at NASA, the committee found it

necessary to modify this charge somewhat. Due to the diversity and breadth of

this field, the committee has chosen to place the emphasis of this report on
priorities and recommendations. The scientific disciplines contained within the

microgravity program, and which are covered in this report, include fluid me-
chanics and transport phenomena, combustion, biological sciences and biotech-

nology, materials science, and microgravity physics. This represents an enor-
mously broad spectrum of science, and a determination of the relative amount of

support that is justified for individual disciplines and subdisciplines is difficult

to make without a set of overriding criteria (such as the value to industry) to use
in the evaluation process. In the absence of such criteria, the formulation of a
detailed program strategy was not possible. Therefore, the committee believed

that providing general program guidance in the form of priorities and recommen-
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PREFACE
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dations for research was a more useful and appropriate response to the given

charge. The following report represents the result of that effort.

Among the previous National Research Council reports in this field, the

following are particularly relevant.

• Materials Processing in Space (National Academy of Sciences, Wash-

ington, D.C., 1978; the "STAMPS" report) attempted to provide guidance for
NASA's program by assessing the scientific and technological underpinnings

of the materials processing in space program and providing a clear understand-

ing of the benefits, if any, to be expected from exploitation of the characteristics

of the space environment for processing materials. As an early examination of
NASA's low-gravity experiment program (we-shuttle), the report addressed

fundamental scientific and administrative questions about the directions that

program should follow. One such issue was the production of materials in

space for commercial use, which the report concluded was not feasible. The
scientific recommendations detailed the specific research areas most likely to

benefit from a low-gravity environment, and the administrative recommenda-
tions included a call for a rigorous peer review process and an extensive ground

research program. In fact, the current NASA program closely mirrors the re-

port's recommendations. Though recent flight experiments are considerably
more sophisticated than those examined by the STAMPS committee, the con-

tinuing scarcity of available flight results requires that assessments of the utility

of many areas of microgravity research be based on their potential rather than

on past performance.
• Space Science in the Twenty-First Century: hnperativesfor the Decades

1995 to 2015. Fundamental Physics and Chemistry (National Academy Press,

Washington, D.C., 1988) attempted to identify opportunities for future research

efforts in relativistic gravitation and microgravity science (but not including

applied research or industrial and manufacturing processes). NASA requested
this study in 1984, in part because it expected the space station to become avail-
able around 1995 and wanted to be prepared with a viable space science strategy

that had been implemented on missions prior to space station operations. At the

time the report was written, NASA's microgravity research was concentrated

under the Physics and Chemistry Experiments in Space (PACE) program. Only
about 15 investigations were funded under PACE, in comparison with more than

200 investigations in the 1993 microgravity program at NASA. The report re-
flected the relatively small scale of the early program by primarily addressing

specific research questions as opposed to the broad disciplines into which micro-

gravity research is now divided.

A number of people who assisted the committee during its preparation of

this report deserve special thanks for their contributions: Robert Rhome, Roger
Crouch, Gary Martin, and Brad Carpenter of NASA Headquarters; John Givens

and George Sarver of NASA Ames Research Center; Jack Salzman of Lewis

Research Center: Dudley Saville of Princeton University: and Gregory Dobbs of

United Technologies Research Center.
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Executive Summary

INTRODUCTION

Microgravity research is concerned with the effects of reduced gravitational

tbrces on physical, chemical, and biological phenomena. The scientific disci-

plines affected by gravity include fundamental physics, fluid mechanics and

transport phenomena, materials science, biological sciences and biotechnology,

and combustion. It is especially noteworthy that these disciplines are laboratory

sciences that inherently use controlled, model experiments. Many experiments

require constant attention and frequent intervention by the experimenter, which
distinguishes microgravity research from the observational space sciences. Mi-

crogravity research also spans both fundamental and applied sciences.

Reduced-gravity experimental environments are provided by NASA through
drop towers, aircraft in parabolic trajectories, sounding rockets, and Earth-orbit-
ing laboratories. Some of these environments have crews and allow extended

periods of time for experimentation and for demonstrating the reproducibility of

results. Some of the experimental platforms allow a reduction of the gravity
level to 10-6 times that of Earth gravity.

In a reduced-gravity environment, the decreases in rates of sedimentation,

hydrostatic pressure, and buoyancy-driven flows cause other physical effects to
become more important and more readily observable and measurable. The ac-

celeration due to gravity can then be treated as an important and interesting

experimental parameter. The exploration of this parameter, through experiments
at normal Earth gravity and at reduced gravity, may provide a better understand-
ing of certain physical processes, as well as lead to the identification of new

phenomena.
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The NASA microgravity research program has been widely misperceived as

simply a materials processing program with the goal of providing better products

fl)r use on Earth. However, the prospects of commercial manufacture in space

are limited in the foreseeable future. The justification lk)r the microgravity re-

search program must continue to be the promise of advances in areas of funda-

mental and applied science. It should be recognized, on the other hand, that

manned exploration of space will require increased understanding of transport

phenomena, materials processing, and performance in microgravity.

There have been a number of previous National Research Council (NRC)

reports in this field, of which the following are particularly relewmt:

• Materials Processing in Space I (the "STAMPS" report, t978) attempted

to provide guidance tk+r the future course of NASA's program. It assessed the

scientific and technological underpinnings of the materials processing in space

program and provided a clear understanding of the potential for exploitation of

the space environment for processing materials.

• Space S_ieme in the Twenty-First Century: lmlJerativesfor the Decades

1995 to 2015. kumlamental Physics attd Chemistry z (1988) attempted to identify

opportunities for future research eflk)rts in relativistic gravitation and micrograv-

ity science (but not including applied research or industrial/manufacturing pro-

cesses L

• More recently, the report Toward a Micro_,ravity Research Strate?y -_

(1992) began to lay a foundation for a more mature research program, and the

current report is a continuation of that effort.

The research areas discussed in this report are subsets of much broader

research disciplines. Only a small fraction of the total activities in each disci-

pline occurs within the microgravity program, and no attempt has been made

here to evaluate fully or to prioritize all of the research in a discipline. Only the

microgravity component of each discipline is addressed in detail. Furthermore,

the cost-benefit of a microgravity program has not been compared to the cost-

benefit of experiments on different subjects in the terrestrial environment. Ex-

periments that can be performed adequately under terrestrial conditions, howev-

er, are not given a priority for spacellight.

It should be understood at the outset that in evaluating the costs of doing

research on such expensive vehicles as a space station, vehicle expenses are

specifically not included. Microgravity research has never been the sole motiva-

lion lk_r the space shuttle or other major space missions. These research opportu-

nities have usually been secondary to exploratory, technological, engineering,

political, educational, inspirational, and other motives for spaceflight, and until

the advent of spacelab, microgravily research has been added on spaceflights

launched fl_r other purposes. Thus, in evaluating priorities, the research opportu-

nities are taken into account but not the costs.

To date, only a limited number of microgravity experiments have been con-
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ducted in space with completed analyses and reports of results. The total experi-

ence of U.S., Canadian, Japanese, and Western European scientists is less than

1000 hours for experiments in orbit. Because of the limited results available, the

strategic recommendations in this report cannot be highly detailed or exclusive.

A number of subjects require further exploratory investigation belore detailcd

objectives can be defined. For the same reasons, it is currently not generally

possible to set specific priorities across discipline lines. Assuming experiments

are scientifically sound, prioritization across disciplines is largely unnecessary

because a wide range of microgravity experiments can be accommodated on

shuttle flights without retarding progress in any one discipline. It may even be a

mistake to attempt such prioritization since, in many cases, fundamental flight

experiments are needed before prioritization can be attempted. Some areas,

hox_ever, can be identified as more promising than others.

This report does not address the NASA commercial program or internation-

al programs in microgravity research. These topics will be addressed in future

studies of this committee.

Finally, although the value and need for human intervention capabilities and

long-duration flights are noted repeatedly, in this report, nothing herein should

neccssarily be interpreted as advocating or opposing any specific NASA space-

craft or space station design initiative.

SCOPE OF THE RECOMMENDATIONS

The conclusions and recommendations presented in this report fall into five

categories: (I) overall goals for the microgravity research program; (2) general

priorities among the major scientific disciplines affected by gravity: (3) identifi-

cation of the more promising experimental challenges and opportunities within

each discipline: (4) general scientific recommendations that apply to all micro-

gravity-related disciplines: and (5) recommendations conceruing administrative

policies and procedures that are essential to the conduct of excellent laboratory
science.

The overall goal of the research program should be to advance science and

technology, in each of the component disciplines. Microgravity research should

be aimed at making significant impacts in each discipline emphasized. The

purpose of this report is to recommend means to accomplish that goal.

The essential features of the recommendations are to emphasize micrograv-

ity research lk)r its general scientific and technological value, as well as its role in

advancing technology for the exploration of space: to deemphasize the research

value of manufacturing in space with the intent of returning products to Earth; to

modify NASA's infrastructure, policy+ and procedures so as to facilitate labora-

tory science in space: to establish priorities for microgravity experimentation in

scientific disciplines and subdisciplines m accordance with the rehttive opportu-

nities for scientific and technological impact: and to recognize fluid mechanics
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and transport phenomena as a central theme throughout microgravity research.
The recommendations detailed in this report are based on certain findings that

resulted from this study. The findings are as follows:

• Science can be advanced by the study of certain mechanisms that are

masked or dominated by gravitational effects at Earth gravity conditions. Exam-

ples include surface tension gradient-driven flows, capillary effects, multiphase

flows, diffusive transport processes, and colloidal phenomena. Under terrestrial

gravity conditions, these phenomena can often be dominated by effects such as

buoyancy and sedimentation.
• There is a scientific need to understand better the role of gravity in many

physical, chemical, and biological systems. To understand the relative impor-
tance of certain gravitational effects compared to nongravitational effects under

terrestrial conditions, it is helpful to study a phenomenon at more than one grav-

itational level. Thus, gravitational force can become a controlled experimental

parameter. For example, the role of buoyancy versus the role of surface tension

gradients in driving a fluid flow could be examined at different gravitational
levels.

• A significant portion of microgravity research programs should be driven

by the technological needs of the overall space program. Examples of important

engineering issues include the ignition, propagation, and extinction of spacecraft
fires; the fluid dynamics and transport associated with the handling, storage, and

use in space of water, waste, foods, fuels, air environments, and contaminants;
the handling, joining, and reshaping of materials in space; and the dynamics and

chemistry of mining or refining resources in extraterrestrial environments.

• Microgravity research primarily involves laboratory science with con-

trolled, model experiments that inherently require attention and intervention by

the experimenter. Such experiments also require the opportunity to demonstrate

reproducibility.

• The potential for manufacturing in space in order to return economically

competitive products to Earth is very small. Research on materials processing in

microgravity, however, could prove to be important for materials science and

materials processing technology on Earth.
• Fluid mechanics and transport phenomena represent both a distinct disci-

pline and a scientific theme that impacts nearly all microgravity research experi-
ments.

• The ground-based research program is critically important for the prepa-

ration and definition of the flight program.

The need for an extended-duration orbiting platt_rm has been identified as

critical in many microgravity research experiments because of the time required

for experimentation, the wide parametric ranges, and the need to demonstrate the

reproducibility of results. In developing this report, it has been assumed that a

space station will be available within a decade. The recommendations have

value and should be implemented, however, even if a _,pace station does not
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materialize and the microgravity research program continues only with the cur-
rent facilities.

Although this report does not set out a complete strategy for microgravity

research, it presents some of the important elements of such a strategy, including:

• A summary of the current state of knowledge of microgravity science;

• A discussion of some of the fundamental questions to be answered;

• A presentation of the goals in this field;

• The science objectives within each discipline;

• An evaluation of the potential for microgravity research to provide ad-
vances within each discipline;

• The experimental requirements for achieving the science objectives of
each discipline;

• A description of the other resources required for a successful micrograv-
ity science program; and

• A limited prioritization of research topics within each discipline.

The two aspects of a strategy for microgravity research that are not present-
ed in this report are ( 1) a prioritization of microgravity research objectives across

disciplines and (2) a cost-benefit analysis of anticipated microgravity results.

Experience has shown how difficult it is to set research priorities, even within a

single homogeneous science discipline. Reaching agreement on priorities for

microgravity research relative to all other science research was judged so unlike-

ly that it has not been attempted in this report. The other practical reason for not

setting stricter priorities stems from the nature of shuttle flights. Frequently,

payloads are assigned to a flight because their requirements for space, power,

and so on, fit what is available, and scientific priority is less important. No cost-
benefit analysis was attempted because the assumption is that orbiting platforms

will be available for microgravity research. Decisions on the availability of

platforms such as a shuttle or space station are essentially programmatic issues

in which microgravity research is only one of many considerations.

RECOMMENDATIONS FOR THE SCIENCE PROGRAM

The disciplines of microgravity research discussed in this report include

fluids and transport, combustion, biological sciences and biotechnology, materi-

als science, and microgravity physics. Materials science is further categorized

by constituent subfields: metals and alloys, organic materials and polymers,
inorganic crystals, epitaxial layer growth, and ceramics and glasses. The expect-

ed degree of scientific success in each of these areas naturally varies:

General Priorities

• Fluids and transport, combustion, metals and alloys, microgravity phys
ics, and certain areas of biotechnology offer the greatest likelihood for substan-
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tim advances. In these areas, focused experiments can be performed that will

expand our knowledge of fundamental phenomena and processes.
• The areas of polymers, ceramics or glasses, inorganic crystals, and epi-

taxial layer growth, on the other hand, do not at present o[lier great promise of

new advances. Limited support is still warranted, however, for certain funda-
mental studies.

• Certain areas of the biological sciences and biotechnology should be

viewed from a different perspective. Much of the work in these areas is phe-

nomenological. Such research should be pursued to discover the scope and

potential for utilizing the microgravity environment.

Areas Recommended fi_r Emphasis

Major prospects and opportunities in each of five disciplines are summa-

rized in the following sections.

Fluid Mechanics aml I'r, msl_ort Phemmwna

Fluid mechanics and transport phenomena play a dual role in the micrograv-

ity research program. They stand as distinct disciplinary areas but also appear as
themes running through other disciplines. The presentation in this report reflects

the role of fluids and transport in the support of other microgravity disciplines.

Most physicochemical transport phenomena are influenced significantly by

gravity. As a consequence, unusual behavior is expected in low-gravity environ-

ments for many fluid configurations. Also, the reduction of gravitational forces

leads to dominance by other forces normally obscured in terrestrial environ-
ments, such as surface tension and electrohydrodynamic effects. Basic research

is required to understand and describe the unusual characteristics of transport

phenomena under low-gravity conditions.

Transport phenomena also play essential roles in many processes that are

important to mission-enabling technologies. Predictive models for low-gravity

performance and operation of those technologies are frequently inadequate. New
models are needed. Strictly empirical approaches are not preferred for low-

gravity applications because they are costly and time consuming, and can result

in products or systems that are unreliable or inefficient.

Priority should be given to the study of phenomena that are prominent in the

low-gravity environment and to those that are critical to space mission-enabling
technologies and commercial developments. Among the basic topics that may

be studied uniquely with special advantages in the low-gravity environment are

the following:

• Surface tension ,gradient-driven flows and capillary _:].fects. These are

frequently obscured in a terrestrial environment but may become significant or
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dominant in reduced gravity. These topics warrant investigation because they
are not well understood and because surface tension-driven flows are ubiquitous

for many spaceflight-enabling technologies.

• Multiphase flows. Many processes inwflve multiphasc flows. Gravity

imposes a specific orientation on multiphase fluids and structures (e.g., gas-

liquid, liquid-solid). In a reduced-gravity environment, multiphase flows and

associated transport phenomena become significantly different because of the

altered orientation of the various phases.

• D([[i_sive transport processes. At 1 _,,,multicomponent fluids experience
various modes of thcrmosolutal convection. In addition, there are other effects

due to different diffusivities for heat and mass. With reduced-buoyancy convec-

tion. these complex interactions can be separated and analyzed. Furthermore,

transport effects masked at 1 g, such as Sorer and Dufour phenomena, can be-

come important.

• Colloi_hd phenomena. At 1 g, the nature of surface and short-range

forces, and their consequences in colloidal systems, are often difficult to study

because of the complications associated with competing gravitational effects.

Microgravity provides an opportunity for study of colloidal systems in which
short-range forces are dominant, which can contribute in an important way to the

understanding of these physicochemical interactions.

The above topics appear prominently in many areas of science, including com-

bustiom biotechnology, materials science, and physics. Therefore, fluid me-

chanics and transport phenomena should be viewed as a common theme through-

out many of the microgravity disciplines.

The following topics deserve attention for both their intrinsic scientific im-

portance and their applications to space technologies:

• Convective processes at low Reynolds nunlber. Investigation of low Rey-

nolds number flows with density variations, at reduced gravity levels, will reveal

the altered nature of transport phenomena in a new range of parametric condi-
tions.

• Transport processes with a phase transition. The modified processes of

condensation, evaporation, and boiling in a low-gravity environment with domi-

nant interfacial forces require study.

• Complex materials. Porous, granular, and colloidal media, and foams are

complex materials whose structures and functions can differ in microgravity.
Research is necessary to understand the behavior of such materials in a low-

gravity environment and may also lead to a better understanding of their behav-

ior at 1 _,,.

• MateriaLvprocessing. Buoyancy, sedimentation, and interfacial phenom-

ena influence such processing methods as fluidized-bed hydrogenation, elec-

trowinning, and vapor-phase pyrolysis and therefore should be investigated.

• Physical processes in life- and operating-supl_ort systems (enabling tech-
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nologies). Some of the effects indicated above apply to processes such as power
generation and storage, water purification, oxygen production, and fuel and fluid

storage and management.

Numerous parameters govern the topics listed above. Judicious choice of the

parameter ranges and configurations will be required to ensure that the informa-

tion obtained is directly applicable to the reduced-gravity environment.

Clearly, fluids and transport phenomena appear as critical technical issues in

many spaceflight-enabling technologies.

Combustion

Combustion involves fluid mechanics, mass and heat transport, and chemi-

cal reaction--all directly or indirectly subject to numerous gravitational effects.

The number of parameters to be investigated is large. Several phenomena re-

quire long-duration observations and measurements (e.g., smoldering and flame

spread).

The following research areas are recommended for emphasis according to
rank-order:

1. The highest-priority area, and one of intense practical interest, is that of

fires in spacecraft and potential extraterrestrial bases. Microgravity and reduced-

gravity research is required because of the potential for disaster posed by fires.
Much is still unknown about fires in altered gravity conditions. A variable-

gravity capability would be useful for a full understanding of gravitational ef-

fects and for implementation of fire safety measures in spacecraft.

2. In fire research, several subfields of combustion need to be investigated

under microgravity conditions. Ignition, flammability limits, smoldering, flame

spread, and extinguishment are all deserving of detailed study. Variables should

include fuel type and phase, fuel/oxidizer ratio, ambient oxidizer concentration,

forced and free convection, ignition source, and extinguishment methodology.

3. Turbulent combustion processes are highly important on Earth but can-
not be probed at I g at the small size scales that typically occur. Laboratory

scale-up at I g introduces unwanted buoyancy. Reduced gravity would allow a

scale-up in overall size without the introduction of major buoyancy effects, thus

permitting access to the smallest scales of turbulence that are important to the

problem. Here, the Reynolds number based on a forced flow velocity would

remain fixed in the scaling process. Even though gravity is not an important

parameter for many practical devices, the laboratory study of combustion pro-

cesses is often impeded at 1 g.

4. Research on laminar premixed and diffusion flames and spray-flow inter-

actions should be conducted, again because of the importance of these processes
on Earth. The same problem occurs here as with turbulent flames. That is,

scale-up to allow study at 1 g introduces unwanted buoyancy effects.
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In addition, other general recommendations are noteworthy.

• Reproducibility must be verified. Many combustion phenomena require
a survey of a wide range of parameters. Also, some combustion phenomena are

long-duration events. Consequently, an extended orbiting platform capability
will be required for many combustion experiments for complete and serious
study.

• Relevant to all areas above, ground-based experiments should be under-

taken to develop miniaturized diagnostics and experimental apparatus and tech-
niques for performing multiple repetitions of a specific experiment.

Biological Sciences attd Biotechnology

The biological sciences and biotechnology are experimental disciplines that

are highly dependent on empirical approaches to the solution of problems and on

the continued discovery and development of useful research systems. Unlike

many other branches of microgravity science such as fluid dynamics or materials

science, there may be no firm foundation of theory, only a limited accumulation
of experience. Thus, a reasonably high tolerance for scientific risk (which is

clearly distinct from safety risk) should be allowed in investigations in the bio-

logical sciences. The science community should be prepared, however, to sup-
port research in this area on the basis of its long-term potential and importance,

especially its relevance to human spaceflight. Since research on biological top-
ics commonly requires experiments that take a long time to complete, an extend-
ed-duration orbiting capability is necessary.

Priorities should be given to scientific issues in biological sciences and bio-
technology in the following order:

1. In studies to improve methods of crystallization of macromolecules for

use in diffraction studies, additional experiments should focus on defining quan-

titatively those macromolecular crystal properties and growth mechanisms af-
fected by gravity. There is demonstrated success in this research area and it is

recommended for the highest priority.

2. Further experimentation is needed in both terrestrial and microgravity

environments to develop new methods, materials, and techniques to exploit the

potential of microgravity, where it exists, for improvements in biochemical sep-
arations. These separations are important both in terrestrial applications and in

materials processing to support human spaceflight.

3. A dedicated effort should be made to evaluate the potential advantages of

the microgravity environment for the study of cellular interactions, cell fusion,

and multicellular assembly and to identify candidate cell systems that show max-
imum response to being cultured in such an environment. Efforts should also be

made to identify and characterize subcellular mechanisms that sense and mediate

responses to the magnitude and direction of gravitational forces.
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4. A systematic effl_rt should be made to identify those cellular and biomo-

lecular processes, structures, assemblies, and mechanisms that may be affected

by gravity, and to design and carry out experiments to explore the effects of

microgravity on appropriate systems.

Materials S¢'ieme atul Processing

Metals and Alloys. The microgravity environment provided by an orbiting space-

craft offers new opportunities in the control of melting and solidification pro-

cesses. Reduction of convective velocities pemfits, in some cases, more precise

control of the temperature and composition of the melt. Body force effects such

as sedimentation, hydrostatic pressure, and deformation are similarly reduced.

Weak noncontacting forces derived from acoustic, electromagnetic, or electro-

static fields can be used to position specimens while they are being processed,

thus avoiding contamination of reactive melts with their containers.

Since rnany experiments in this field require long time scales for comple-

tion, the capability of an extended-duration orbiting platform is needed to obtain

full benefits from microgravity research. Topics in lhe metals and alloys area
that would benefit from a focused effort include the following prioritized items:

1. Nucleation control and the achievement of metastable phase states, such

as metallic glasses and nanostructures, are areas that could benefit from achiev-

ing deep supercooling in the microgravity environment, by elimination of con-
tainer surfaces, and from the reduction of melt flows due to buoyancy-driven
convection.

2. Microgravity experiments on Ostwald ripening and phase coarsening ki-

netics would add quantitative, fundamental information about the key metallur-

gical issues of interfacial dynamics during thermal and solutal transport, and the

question of microstructure evolution in general.
3. Observations of aligned microstructures processed reproducibly under qui-

escent microgravity conditions should help to provide well-defined thermal pro-

cessing limits for polyphase directional solidification of eutectics and monotectics.
4. Studies of the formation of solidification cells and dendrites under well-

defined microgravity conditions can add to our expanding knowledge of com-

plex metallurgical pattern formation and, more generally, of the fundamental

physics of nonlinear dynamics. Microgravity conditions can be useful in these

instances for the pursuit of sophisticated tests of theory and the quantification of

metallurgical pattern dynamics.

5. Some thermophysical properties can be measured advantageously in mi-

crogravity. Accurate data on such properties, frequently essential for the model-

ing of metallurgical processes and materials responses, are often not available
from standard terrestrial measurements.
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Polvnwrs. Polymers potentially represent the broadest classes of engineered

materials, permitting great innovation and precision in design, including control

at the molecular level. Although the viscous character of most high polymer

melts greatly desensitizes their response to gravitational acceleration, nonethe-

less some polymer solutions have relatively low viscosities. Moreover, some of

these organic systems provide materials with interesting applications in the fields

of nonlinear optics and metrology.

• A few initial experiments on the vapor- and sohltion-phase processing of

organic and polymer films in microgravity have shown improved texture and

smoothness over terrestrial counterparts, suggesting that this area of research

merits further study.

Growth of lnorc, anic Single Co, stals. The microgravity environnlent will be

particularly useful for the study of transport phenomena in the liquids from

which bulk crystals tire grown, and priority should be given to these studies

rather than to the growth of large crystals. Such studies probably require a

steady, very-low-gravity environment such as that obtainable m a free-flyer and

will provide useful data without requiring growth of bulk crystals. Precise trans-

port data will become particularly useful for fluid dynamics computations, which

are rapidly improving for terrestrial melt and solution growth. Any experiments

on bulk crystal growth must be judged by' their potential to contribute to the

scientific understanding of the fundamental processes of crystal growth. The

recommendations tk)r this area of research are as fl_llows:

• The design and execution of microgravity experiments that lead to a

better fundamental understanding of crystal growth have proved elusive, and the

committee recommends against the growth of large inorganic crystals under low

gravity. The best approach to understanding the details of such growth will

likely derive from fluid dynamical modeling and the modeling of processes at

the fluid-solid interface, along with terrestrial studies of crystal growth. This

analytical approach may provide the rationale for the growth of benchmark-

quality inorganic crystals in microgravity.

• Assuming that some of the versatility of terrestrial experimentation can

be achieved in the microgravity environment, there are opportunities for micro-

gravity research that will have an impact on terrestrial bulk crystal growth. Pri-

ority should be given to transport studies, including studies of solute and self-

diffusion, heat diffusion, and Soret diffusion. All of these involve the fluid from

which crystals are grown, and they are amenable to routine study with repeatedly

used apparatus. However, they may require a more stable environment than that

provided by the space laboratory. Indeed, since such studies will undoubtedly be

sensitive to the acceleration environment, they may also be useful lktr the study

of this environment as a variable in the low-gravity range.

• Precise transport data will become particularly useful since fluid dynam-
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icai computational capabilities (for which these data are required) are improving

rapidly for terrestrial melt and solution growth, as well as other industrial pro-
cesses. Furthermore, transport measurements in industrially important fluids

may be an important microgravity application outside the realm of large inorgan-

ic crystal growth.

Growth of Epitaxial Layers on Single-Cr_'stal Substrates. During the terrestrial

growth of epitaxial layers by vapor deposition, an effort is made to minimize the

effects of flow, buoyancy, and boundary layer uniformity by rotating or spinning

substrates during the growth process. In addition, attempts are under way to

calculate precise flow patterns and resulting growth rates in model systems. The

calculations are complex, and it is uncertain whether they will be able to predict

occurrences in real systems that are useful for industrial production. Since the

manufacture of heterostructures by vapor deposition methods will be accom-

plished terrestrially, it is not clear whether any relevant data can be obtained
solely under microgravity.

• A low priority is recommended for chemical vapor deposition studies

under microgravity conditions.

For molecular beam epitaxy (MBE) methods, great gains in purity can, if

necessary, be made on Earth, if sufficient attention is given to reducing contam-

ination and increasing pumping speed. The committee concludes that epitaxial

layers will be too costly to manufacture in space and that, at a reasonable cost,
much improvement in the vacuum environment can be achieved terrestrially.

• Molecular beam epitaxy studies in orbiting vehicles are not appropriate

until the limits of ground-based alternatives have been clearly reached.

Ceramics and Glasses. As discussed above, a low-gravity environment will

reduce buoyancy-driven convective flows in liquids. Most ceramic synthesis

and processing is done at high temperature either by solid-state processes exclu-

sively or by processes in which there are only small amounts of viscous liquid

phases. Glasses are formed from high-temperature melts, where the suppres-

sion of convective mixing is generally undesirable because convection pro-

motes compositional homogeneity. A second case in which liquids are impor-
tant to ceramics is in the synthesis of ceramic powders or films from aqueous

solutions or colloidal suspensions. Frequently, the requirement is to achieve a

high density of nuclei and consequent fine particle sizes of the precipitated

powders. Thus, rapid mixing is used, and there is no reason to suppress convec-

tion. For these reasons, low-gravity studies are of limited advantage in this

discipline.

Nonetheless, a low-gravity environment might be of benefit to ceramics

research and development in the following prioritized areas:
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I. There is interesting potential for containerless rnelting. Processing of

ceramics at high temperature requires refractory containers that remain unreac-

rive with the specimen. Availability of a general capability for containerless,

high-temperature processing (to at least 1600°C) would allow contamination-

free synthesis of glasses and ceramics, such as those being considered for opto-

electronic applications, as well as the study of glass nucleation and crystal growth

without heterogeneous nucleation on a container wall.

2. A fundamental study of crystal nucleation and growth in glass melts in

microgravity would be interesting. Crystallization is an important process, de-

sirable in glass-ceramics and undesirable in optical glasses, that requires further

characterization and understanding.

3. Mass transport and diffusion studies of glass and ceramic melts under

microgravity conditions should generate more precise data than those available

from terrestrial measurements. One area of research that might be aided by

reduction of convection is obtaining accurate data on diffusion in ceramic melts.

4. The suppression of free evaporation from melt surfaces could allow syn-

thesis at higher temperatures than can be perlbrmed on Earth.

5. The epitaxial growth of films from solution, including biomimetic syn-

thesis (self-assembling monolayers) of ceramics, should be studied.

Microgravi O, Physics

Experiments in this area, with the exception of the general relativity test

Gravity Probe-B (GPB), all represent extensions of work that is, or can be,

conducted in Earth-based laboratories. Much of the scientific value of the pro-

posed space experiments will depend on the strength of the connection to Earth-

bound research. Given the long time scale for the ground-based development

through flight of a space experiment, there is concern that the scientific goals of

the experiment might be bypassed by new developments or by major shifts in the

value ascribed to the work.

The topics of microgravity physics fall into two general categories:

( I ) development of new instruments (e.g., superconducting gyroscopes for the

GPB experiment and the mass balance for the equivalence principle test), and

(2) preparation and study of unique samples such as uniform fluid free from

gravity-induced density gradients or low-density granular materials near a perco-

lation limit. This program can include such important studies as fundamental

physics measurements (e.g., verification of the equivalence principle), critical

phenomena, dynamics of crystal growth, and low-density aggregate structures.

A recent successful experiment in this area is the Lambda Point Experiment

(LPE) that was flown on the shuttle in October 1992 (USMP-1). Analysis of the

data indicates an improvement of nearly two orders of magnitude over previous

data obtained on Earth. This has been done in an unbiased way, and heat capac-

ity data have been obtained approaching a few nanokelvin of the Lambda point.



]4 MI('RO(;RAVITY RESI:AR('tl ¢)Pt'ORI I INIl lES FOR TIlE 1990s

This experiment tlemonstrates clearly that highly sophisticated experiments in-

volving the most sensitive and advanced instrumentation can be profitably per-

formed in the microgravity environment.

The quality of tile microgravity environment must be examined critically in

the context of each possible experiment. Minimum acceleration is the most

obvious parameter of concern lbr many of the contemplated experiments; how-

ever, the time span over which a high-quality, low-gravity environment can be

maintained may be of equal importance. For some experiments, accidental large

accelerations (perhaps resulting from sudden movements of personnel or the

firing of small thrusters) might destroy the object of study, lor exalnple, a low-

density granular structure.

With regard to the quality of the microgravity environment available for

experiments, only the center of the orbiting spacecraft is in true free-fall and then

only to the extent that orbital drag effects and other external influences are

negligible. In a gravity gradient-stabilized spacecraft, there will be a steady

rotation of any expe,-iment about the center of mass of the entire spacecraft once

each orbit. For a low Earth orbit, this will result in accelerations on the level of

10 ..7 g at a distance 1 meter from the center of mass of the entire orbiting system.

Oil both the space shuttle and the space station, only a few experiments will be

located close enough to the center of mass to ensure acceleration levels below

I 0 6 g.

• A number of scientifically meritorious projects, such as the equiwflence

principle experiment and GPB, will require spaceflight independent of any

crewed space facilities.

In the future, we may anticipate a continued requircrncnt for low-tempera-

ture facilities in space, since tow temperatures are important for the highest-

resolution measurement techniques, particularly those based on SQUID (Super-

conducting Quantum Interference Device) technology.

• If a space station is to be a useful contributor to the area of fundamental

science, access to liqtlid-helimn facilities will be nlandalory.

GENERAL SCIENCE RECOMMENI)ATIONS FOR

MICROGRAVITY RESEARCH

Following are a number of general science recommendations that are impor-

tant for microgravily research:

• The reproducibility of results is a crucial element of laboratory science,

and flight investigators should be given the opportunity to address reproducibili-

ty in their research. Nonetheless, a balance should be established between the

reflight opportunities necessary for reproducibility and the flight of experiments

that address new scientific issues.
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• The need for scientific judgment, trained observation, and human inter-

vention and participation in certain laboratory microgravity experiments requires

a greater use of payload specialists with expertise and laboratory skills directly

related to the ongoing experiments. Some flight experiments would also benefil

from the direct investigator interaction made possible by teleoperalion capabili-

ties, and NASA should support the development and deployment of such tech-

niques in future microgravity experiments.

• As a rule, microgravity experiments should be designed and conducted to

provide specific explanations for meaningful scientific questions. Scientific ob-

jectives should be clear and specific, in addition, NASA must continue to sup-

port ground-based experiments and the development of underlying theories. The-

orelical understanding and ground-based experimental results should support the

need for microgravity experiments and the likelihood that experimental objec-

tives will be met. Notwithstanding this, exploratory experiments can be valuable

in advancing understanding of some complex systems {e.g., biological systems).

• There are scientific reasons to augment microgravity research in certain

areas with a variable-gravity capability of extended duration that covers the mi-

crogravity to 1%, hinge. In a laboratory science where controlled model experi-

mental systems are essential, the ability to vary an important parameter continu-

ously should be developed whenever feasible. Therefore, if a space station

centrifuge is to be developed, it is desirable to evaluate shared utilization for

microgravity research.

• NASA should categorize experiments according to their nlinimum facili-

ty requirements to maximize scientific return and cost-effectiveness. Drop tow-

ers, aircraft on parabolic trajectories, sounding rockets, and orbiting platforms

supply a range of acceleration levels, acceleration spectra, and experimental du-

rations and provide opportunities for human interaction and demonstration of

reproducibility of results. Some facilities are more suitable than others for pre-

cursor experiments to evaluate instruments and procedures and to demonstrate

feasibility.

• General-purpose facilities (versus experiment-specific equipment) should

not be imposed on principal investigators if it might degrade the scientific re-

suits. Costs are not necessarily lowered when equipment is designed for a wide

range of experiments. The scientific benefits could be substantially reduced by

the inherent compromises.

• For each flight experiment, the acceleration vector should be accurately

measured locally, frequently (or continually), and simultaneously with other ex-

perimental measurements. Since the magnitude and direction of the net local

acceleration environment can significantly affect experiments, they must be col

related with the primary experimental data. The net acceleration vector varies

temporally and with position relative to the spacecraft center and can have major

effects even at small magnitudes.

• Materials studied m microgravity experiments should be adequately char-
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acterized on Earth. For some materials, there is a lack of the thermophysical

data essential for both experimental design and modeling. These data should be

obtained by ground-based research, where possible, or from microgravity mea-

surements, when necessary.

• The qualitative effects of the acceleration environment on certain types

of experiments should be studied. These effects are not generally understood
and characterized.

FLIGHT OPPORTUNITIES AND CHALLENGES

The peculiar character of microgravity research as a laboratory science in

space requires real-time interactions between scientists and their experiments.

This special requirement indicates another role for humans in space, in addition

to the traditional use of astronauts for exploration and the deployment and repair

of satellites. Moreover, a laboratory-based researcher should be able to carry out

a large number of experiments to cover required ranges of the experimental

parameters and demonstrate the reproducibility of results. The researcher should

be able to modify the apparatus and diagnostics, when necessary, to ensure suc-

cessful experimentation.
An assortment of facilities is available for research in a low-gravity environ-

ment. These range from drop towers and aircraft to orbiting platforms. The

duration required for experiments in some of the subdisciplines of microgravity

research may exceed the flight time available on some platforms. Additional

spacelab missions, particularly those with extended-duration capability, might

adequately serve those subdisciplines. For other subdisciplines such as some

aspects of biotechnology and materials science, however, longer flight times

would provide significant benefits in terms of the quality of scientific yields.

Even for those subdisciplines with shorter-duration experiments, the limited num-

ber of spacelab flights and the high costs associated with them severely limit the

experimenter with regard to demonstration of reproducibility, time for readjust-

ing or repairing equipment, and reflight opportunities. These limitations, inher-

ent to the spacelab system, can be obviated only by the longer flight durations

available on a space station or a recoverable satellite. It is important, however,

that the design of a space station or recoverable satellite provide a stable micro-

gravity environment that minimizes unacceptable disturbances.

The present microgravity research infrastructure does not readily accommo-
date the needs of laboratory research. Although drop towers and airplanes flying

parabolic trajectories can be used for special or precursor experiments and some

materials processing can be done on free-flyers, the spacelab and space station

are better suited for microgravity laboratory research. Experience with spacelab

for microgravity research, however, indicates that (lli it is likely to take years to

develop an experiment that can yield high-quality scientific data and (2) it is an

extremely expensive process.
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The time required from the selection of the principal investigator to launch

with new hardware is 5 to 6 years for mid-deck (noninteractive) experiments and

6 to 8 years in spacelab. Reflights with minimal modifications to the equipment

require I year for mid-deck and 2 years for spacelab experiments. Minute ele-

ments of an experiment must be documented in detail and subjected to safety

tests. Experiments are often delivered up to a full year before launch for integra-

tion into the spacelab and then into the orbiter. Because the number of spacelab

missions is limited, as many experiments as possible are scheduled for each

flight. Thus, the number of experimental runs is limited even if all goes as
planned on the mission. As a result, compromises are made that might be favor-

able for one experiment but not others. For those experiments that suffer in the

compromise process, essential science might be sacrificed. Also, because of

heavy demand, experimenters are often guaranteed only one flight.

Surmounting the various administrative hurdles confronting an experiment

requires interaction with three different NASA centers. The conditions imposed

on the experiment by various centers are not always mutually consistent. The

principal investigator is often excluded from the discussions. Most of this com-
plexity results from concern for the safety of the crew and spacecraft, and results

in long times for experiment development and flight and, consequently, increased

cost. Concern for safety in human spaceflight missions should always remain a

primary consideration, but safety issues could be fully addressed in a stream-

lined administrative process that does not compromise the scientific objectives

of the mission. The requirement for laboratory science is that human participa-

tion in the experimental process be guaranteed, although in some cases,

uncrewed flights with remote control of experiments are effective substitutes for
physical human presence. Human presence, however, will be necessary ['or

many spaceflight experiments in the foreseeable future.

The entire infrastructure and extensive procedures that are currently extant

have been developed essentially for missions in space with purposes other than

laboratory science. They should now be reassessed and perhaps modified exten-

sively to take full advantage of the unique microgravity environment.

The biotechnology program has been affected by some confusion concern-

ing its administrative oversight. Biotechnology is tied strongly to other micro-

gravity programs because it shares fluids and transport phenomena as the com-
mon scientific theme through which gravity becomes an important parameter.

The administrative issue concerns the need for cooperation and coordination

between the microgravity research administration and the life sciences adminis-

tration for research on cellular and subcellular processes and mechanisms.

In summary, the major administrative challenges before NASA in the mi-

crogravity research domain are the following: (1) interactions among centers

and between centers and headquarters should be simplified and unified; (2) prin-

cipal investigators should be continually involved with the development of ex-
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periments and; (3) biotechnological research and life sciences programs should
be well coordinated.

ADMINISTRATIVE RECOMMENDATIONS

The following recommendations do not directly address the scientific is-

sues, but rather summarize administrative issues, including some points discussed

above, that profoundly affect the quality and quantity of the scientific content of

the microgravity program.

• Meaningful interaction should be maintained between the principal in-

vestigators and NASA staff during experiment development and integration, and

communication among these groups must be continued following fight. It is
essential to minimize the overlap of responsibilities in the NASA infrastructure

to accomplish this goal.

• It is essential that the overlap of responsibilities among NASA centers

and between centers and headquarters be substantially reduced in order to opti-

mize the influence of the principal investigators and tile likelihood of successful

experiments.

• Measures should be taken to improve coordination and cooperation be-

tween the life sciences administration and the microgravity research administration

concerning biological and biotechnological research on cellular trod subeellular pro-

cesses and mechanisms. The strong scientific coupling between biotechnology and
other microgravity disciplines through the fluids and transporl theme should be

recognized in any administrative reorganization.

• All data, including acceleration measurements, should be made available

immediately to the principal investigator. Current delays in providing data ex-

tend many months beyond the flights. NASA should coordinate the operations

of various offices so that priority is given to the processing of experimental data.

• It is necessary to increase substantially the number of ground-based in-

vestigations to ensure the future supply of high-quality flight experiments. Con-

sequently, the budget for ground-based research should be increased as a frac-

tion of the entire microgravity program. To the maximum extent feasible,

funding for ground-based research in the microgravity program should be pro-

tected from temporary budgetary fluctuations.

• In addition to its role in developing flight experiments, the ground-based

program can provide important scientific and technical data for other purposes.

A ground-based study can therefore be judged successful even if a flight experi-
ment does not result.

• Microgravity research is much broader than the topic of materials pro-
cessing in space and should be identified as micrograviO' research in all official

documents, including the federal budget. Microgravity research better describes

the activity and its actual and potential accomplishments. Materials processing
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in space characterizes only a fraction of this research activity and promotes a

misleading impression of the potential benefits and scope of the program.

• The microgravity sciences program and the commercial development pro-
gram have a large area of overlap and common interest. Coordination between

these programs and an equally stringent review process for each should be fl)s-
tered by NASA for their mutual benefit.

• NASA should establish mechanisms for continuous, unrestricted submis-

sion of research proposals in order to optimize quality and take advantage of
scientific advances. Unrestricted submission of research proposals would paral-
lel approaches of other funding agencies and enable continual scientific advance.

• To manage the diverse disciplines in microgravity research, it is neces-
sary to increase the breadth and experience of the scientific staff at NASA head-

quarters. A rotation of prominent scientists on leave from universities, national

laboratories, and industry is one mechanism to be explored. Introduction of

active scientists in the administration of the program would be highly beneficial.

• Prompt documentation of experimental results should be required and
enforced. Reports of all experiments, including unsuccessful efforts, should be

accessible to all interested parties. A concern is that some investigators might
not report results because they are proprietary or inconclusive. The lack of an

available report could lead to unnecessary duplication of efforts.

• NASA should organize and maintain an accessible archive of microgravity
research results. This archive should contain a bibliography of all published scien-

tific papers and reports on microgravity subjects and should preserve the original
spaceflight data sets, such as photographs and electronically recorded data.

An additional point of concern is that given the long time scale for the

development through flight of a space experiment, there is a real danger that the

scientific goals of the experiment might be bypassed by new developments or by

major shifts in the value ascribed to the work. There is also the possibility that
the principal investigator may lose contact with the field. Several of the above

recommendations may be useful in this regard. If NASA can shorten this time
frame, it would be beneficial.
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Introduction

Microgravity research is concerned with the identification and description

of the effects of reduced gravitational forces on physical, chemical, and biologi-

cal phenomena. Microgravity research probes a new parameter space where

gravitational acceleration no longer is equal to 1 g and, instead, can approach
values that are orders of magnitude lower. Gravity affects a wide variety of

scientific areas, some of which have profound implications for space explora-

tion. Scientific disciplines that are affected include fundamental physics, fluid
mechanics and transport phenomena, materials science, biological sciences, and

combustion. These disciplines are investigated predominantly as laboratory sci-

ence, which requires the use of controlled, model experiments. Laboratory ex-

periments often require the constant attention and interaction of the experiment-

er, and their results are validated by their reproducibility. It is its laboratory

science character that distinguishes microgravity research from most of the other

areas of science commonly recognized as space studies. In this report, these

fundamental characteristics of microgravity research are illustrated in many dif-
ferent ways.

As is usually the case in the physical and biological sciences, discoveries are
made when a new area or novel parameter space is explored. Microgravity

research, despite its relative infancy, is no exception. Increasingly, fundamental

processes that were thought to be well understood under terrestrial (l-g) condi-

tions have, in fact, proved to behave in altered and even startlingly unfamiliar

ways when observed and measured in reduced-gravity environments. Space

experiments in areas such as combustion, fluid flow and transport, phase separa-

tion, fundamental physics, and biology have revealed new phenomena and have

23
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demonstrated new and occasionally unpredicted behavior. Indeed, many com-

monly experienced phenomena can be dramatically altered in a low-gravity set-

ting: for example, the dynamic behavior of gas bubbles in fluids, the sedimenta-

tion of particles, the characteristics of the flame of a burning candle, and the
behavior of fluids within and outside their containers. This modified behavior

will profoundly affect the technology for handling liquids and gases in reduced-

gravity environments. Nevertheless, virtually all scientific experimental research

in these areas has taken place in the terrestrial setting of 1g.
Microgravity science is neither a homogeneous nor a distinct discipline. It

has evolved gradually over the past two decades into a range of multidisciplinary

space research activities in which the unifying features are basic and applied
studies of gravitational interactions with fluids and a variety of condensed states,

and with transport phenomena in physical, chemical, and biological systems. In

fact, the fluid mechanics and transport sciences constitute the core science con-

tent of microgravity studies. Therefore, in considering new and important direc-

tions for microgravity research, considerable emphasis is given in this report to

the study of transport phenomena. These phenomena are strongly gravity depen-

dent; they have extensive applications to space systems engineering; and they
play a pivotal role in many important modern technologies.

THE MICROGRAVITY ENVIRONMENT

The availability of orbiting laboratories, both crewed and uncrewed, has

provided access to an environment in which processes can be studied under

sustained levels of reduced gravity. The term microgravity is itself something of

a misnomer. Because the gravitational force is infinite in extent, low-gravity

conditions can be achieved only at substantial distances from any massive ob-

ject. In the current context, however, microgravity describes the acceleration

conditions attending free-fall, that is, the acceleration sensed within an inertial

reference frame that is at rest with respect to the local environment but accelerat-

ing toward the center of the Earth. Such conditions occur for limited periods in
drop towers and in aircraft executing parabolic orbits. Spacecraft and satellites

in near-Earth orbit also operate at reduced gravity levels (down to 10 -6 g) and

have the additional advantage of providing much longer times for exploiting this
environment.

The principal characteristic of low-gravity environments is that the net gravita-

tional body forces are reduced substantially. This leads to decreases in hydrostatic

pressure, buoyancy-driven flows, and rates of sedimentation. Reduction of the

gravitational force, or weight, permits other forces, such as that due to surface

tension, to become important, if not dominant. An immediate consequence is that

under microgravity conditions, multicomponent and multiphase fluid and other flu-

id-solid system behaviors (e.g., mixing, separation, and interracial phenomena) are

significantly altered. Many other fluid transport phenomena involving heat and
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mass transfer are also influenced by the reduction of gravity. There is increasing

recognition that transport phenomena are of central importance in a wide range of

physical, chemical, and biological systems that play major roles in many terrestrial

and space-based technologies. Specifically, if NASA's long-range program in space

science, exploration, and transportation is ever to be realized, it is essential to obtain

a comprehensive understanding of low-gravity fluid phenomena and their conse-

quences for extraterrestrial processing.

PERCEPTIONS AND REALITIES OF MICROGRAVITY RESEARCH

The history of microgravity research is not extensive--the field is barely a

few decades old. Furthermore, only a limited number of microgravity experi-

ments and samples have been studied to date, and the accumulated microgravity

laboratory experience known to the U.S. scientific community amounts to less

than 1000 hours of in-orbit time. Several recent NASA shuttle missions have

been dedicated to laboratory science in microgravity (USMP-2 and IML-2) and

are expected to yield extensive data and sample returns. Some information

about the scientific results from spaceflight is provided in Chapters 3 through 7.

At present, however, all of the data have not been fully analyzed and reported.

Nevertheless, there have been some notable successes. For example, the
Lambda Point Experiment (LPE) was flown on the shuttle in October 1992

(USMP-1). Analysis of the data indicates that an improvement of nearly two

orders of magnitude over previous data obtained on Earth has been achieved.

This was done in an unbiased way, and heat capacity data approaching within a

few nanokelvins of the Lambda point were obtained. This experiment gives a

clear demonstration that highly sophisticated experiments involving the most

sensitive and advanced instrumentation can be performed reliably in the micro-
gravity environment.

For many years, microgravity research was perceived as focused primarily

on materials processing. Indeed, the microgravity line item in NASA's budget

has even been titled "Materials Processing in Space." Although NASA's micro-

gravity research program certainly includes research conducted on materials sci-

ence and materials processing, the reality is that this program is much broader in

its scope. Specifically, current microgravity research, viewed as a laboratory

science, is also broadly directed toward fundamental studies in physics, chemis-

try, and biology. Access to prolonged periods in space, as well as to other short-

duration, ground-based microgravity facilities, is beginning to provide research-

ers with the opportunity to apply the methods of the physical and biological

sciences to a new regime of low-gravity experiments. Thus, the acceleration of

gravity is becoming a meaningful, independent, experimental parameter. This

approach is analogous to that employed for more than a century in low-tempera-

ture physics, in which diverse phenomena are studied in a cryogenic regime
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where temperature is the primary independent variable that may be set arbitrarily

close to zero.

In summary, microgravity research involves strong elements of traditional

laboratory science, in contrast with the observational science that constitutes
most of the NASA space science program. Experiments often involve controlled

model systems and exacting parameter settings. Numerous experimental condi-

tions must be explored, and repeat experiments must be conducted for each

investigation in order to understand the phenomena of interest and establish,

according to scientific standards, the validity and reproducibility of the data. By
contrast, however, the U.S. microgravity research program has produced in its

limited experience of in-orbit experimental time only a few score samples and

sets of data that meet high scientific standards. This situation is not surprising in
view of the fact that humans have been able to make observations in the absence

of gravity for less than a quarter of a century and that serious laboratory experi-
ments have been feasible in space for only about 15 years. The decade of the

1990s represents the first phase of experimentation in microgravity and the po-
tential advent of a true laboratory science in space.

A number of previous National Research Council (NRC) reports have eval-

uated the field of microgravity research at different stages of its development.

The 1978 report Materials Processing in Space (the "STAMPS" report) l provid-

ed guidance during the program's early years, whereas Space Science in the

Twenty-First Centto3,: Imperatives for the Decades 1995 to 20152 attempted to

identify future research opportunities. More recently, the 1992 report Toward a

Microgravity Research Strategy 3 began to lay a foundation for a more mature

research program, and the current report is a continuation of that effort. More

detailed descriptions of these studies can be found in the preface.

Although this report does not provide a complete strategy for microgravity
research, it does present some of the important elements of a strategy, including

the following:

• A summary of the current state of knowledge of microgravity science;
• A discussion of some of the fundamental questions to be answered;

• A presentation of the goals of the field of microgravity science;

• The science objectives within each discipline;

• An evaluation of the potential for microgravity research to provide ad-

vances within each discipline;

• The experimental requirements for achieving the science objectives of

each discipline:
• A description of the other resources required for a successful micrograv-

ity science program; and
• A limited prioritization of research topics within each discipline.

The two aspects of a strategy for microgravity research that are not presented in

this report are t l_ a prioritization of microgravity research objectives across
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disciplines and (2) a cost-benefit analysis of anticipated microgravity results.

Experience has shown how difficult it is to set research priorities, even within a

single homogeneous science discipline. Reaching agreement on priorities for
microgravity research relative to all other science research was judged so unlike-

ly that it was not attempted in this report. The other practical reason that stricter

priorities were not set for microgravity research stems from the nature of shuttle

flights. Frequently, payloads are assigned to a flight because their requirements

for space, power, and so on, fit what is available, and scientific priority per se is

less important. No cost-benefit analysis was attempted because the assumption

is that orbiting platforms, launched for other purposes, will be available for

microgravity research. Decisions on the availability of platforms such as the

shuttle or space station are essentially programmatic issues in which micrograv-
ity research is only one of many considerations. Furthermore, the cost-benefit of

a microgravity program has not been compared to the cost-benefit of experi-

ments on different subjects in the terrestrial environment. Experiments that can

be performed adequately under terrestrial gravity conditions, however, are not

given a priority for spaceflight in this report. Finally, although the value and

need for human intervention capabilities and long-duration flights are noted re-

peatedly in this report, nothing herein should necessarily be interpreted as advo-

cating or opposing any specific NASA spacecraft or space station design initia-
tive.

The remainder of Part 1 of this report discusses current research opportuni-

ties and presents the major conclusions and recommendations of the report. Spe-

cific conclusions and recommendations for each of the five disciplines of micro-

gravity research are discussed first and are followed by general recommendations

and conclusions that prioritize research issues and provide some general guid-

ance for administrative policy and procedures. Part II presents a status chapter

for each of the five scientific disciplines. Chapter 3 discusses the status of fluid

and transport science and also serves to introduce the other science sections
because fluid flow is a theme common to most of the other areas. Some discus-

sion concerning facilities and research administration is presented in Part Ill,

which covers programmatic issues.
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Recommendations and Conclusions

INTRODUCTION

The microgravity environment presents unique opportunities to perform im-

portant experimental laboratory research in a number of fundamental and ap-

plied areas. The five scientific disciplinary areas that can benefit in varying

degrees are (I) fluid mechanics and transport phenomena, (2) combustion, (3)

biological sciences and biotechnology, (4) materials science, and (5) micrograv-

ity physics. There are important scientific questions in these disciplines that

cannot be addressed by experiments at normal Earth gravity. This provides a

major impetus for the microgravity research program.

Microgravity research is also necessary for, and fundamental to, the explo-

ration of space. Fluid and thermal systems and materials processes that are
essential to mission-enabling technologies for extended space operations will

generally behave differently under reduced gravity conditions. Microgravity

research opportunities will frequently be driven by the technological needs of

NASA's programs. It is well understood that engineering, applied science, and

fundamental science are interconnected. Some of the obvious engineering issues

that should influence the microgravity research program are the ignition, propa-

gation, and extinction of spacecraft fires; the fluid dynamics and transport pro-

cesses associated with the handling, storage, and use in space of water, waste,

foods, fuels, air environments, and contaminants; the handling, joining, and re-

shaping of materials in space; and the dynamics and chemistry of mining and

refining of resources in non-Earth environments.

The committee reaffirms the findings of the previous and first report,

28
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Towarda MicrogravityResearchStrategy,I of the Committee on Microgravity
Research that there is little potential for a successful program to develop manu-

facturing on a large scale in space for the purpose of returning high-quality,

economically viable products to Earth. The cost of transporting raw materials

into space and products back to Earth will generally be much too high to be
economical. Limited amounts of certain products, however, might usefully be

made in space for scientific study.
A set of recommendations has been developed for the microgravity sciences

that has several salient features. Five science areas are recommended for long-

term support with a balance of support among these areas--fluid mechanics and

transport phenomena, combustion, biological sciences and biotechnology, rni-

crogravity physics--and within materials science, the subarea of metals and al-

loys. Fields that will benefit significantly less from a microgravity environment

are polymers, epitaxial layer growth on single-crystal substrates, large single

inorganic crystal growth, and ceramics and glasses. It is noted that the common
and major theme among the five recommended areas is that of fluid mechanics

and transport phenomena. The committee's recommendations emphasize the

development of research opportunities, modification of NASA policies and pro-
cedures, and interactions between NASA and the investigators that will provide

an environment necessary for first-class laboratory science. The importance of a

strong ground-based program is also stressed. The roles of microgravity re-
search are discussed both for the advancement of general scientific knowledge

and for the development of enabling technologies for space missions. The lists
of scientific recommendations identify the obvious opportunities for immediate

and significant scientific impact.
A number of points were considered in arriving at the recommendations for

each discipline. The importance and compelling nature of the scientific ques-

tions and the perceived impact on the field were given greatest weight and estab-
lished the context for further recommendations. Scientific questions and objec-

tives, however, were examined further in terms of their requirement for, and

probable benefit from, a microgravity environment. Clearly, the priority of a

given objective was reduced if alternative or superior approaches were available.
The type of microgravity facility required for the investigations and the

quality of the microgravity environment required were also considered. These
considerations addressed experimental duration, maximum allowable accelera-

tion level, permissible radiation levels, degree of human or robotic interaction,

and complexity of diagnostics. The following questions were asked: Have the

issues been explored sufficiently in conventional laboratories on Earth, have

adequate theoretical and computational analyses been performed, and are models

for the process available? Finally, the resource requirement and costs were
considered in the broad context of the current, and anticipated, microgravity

research program.
In addition to scientific considerations, means are recommended to improve
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the scientific quality and increase the efficiency of microgravity research. As a

result, suggestions are included that relate to instrument design and implementa-

tion, procedural matters, and interactions among the space agencies and the in-
vestigator communities.

The research areas discussed in this report are subsets of much broader

disciplines. Only a small fraction of the total activities in each occurs within the

microgravity program, and no attempt has been made to evaluate fully or priori-

tize all of the research in a particular discipline. Only the microgravity compo-
nent of each discipline is addressed in detail. Furthermore, the cost-benefit of a

microgravity program has not been compared to the cost-benefit of experiments

on similar subjects in the terrestrial environment. Experiments that can be per-

formed adequately at Earth gravity are not recommended for spaceflight.

Further, because of the limited results available from experiments that have

been flown in space, the recommendations of this report cannot be highly detailed

or exclusive. There are a number of subjects that require further exploratory inves-
tigation before detailed objectives can be defined. Some areas, however, can be

identified as more promising than others. This report also does not address the

NASA commercial program or international programs in microgravity research.
These topics will be addressed in the future by this committee.

In summary, the recommendations in this report emphasize the contribu-

tion of microgravity research to the advancement of science and technology in

general and of space exploration in particular. The report also deemphasizes

the concept of manufacturing products in space for their return to Earth. Ad-

justments in NASA's structures, policies, and procedures for conducting labo-

ratory science in space are required by these recommendations. Finally, priori-

ties are suggested for topics within certain microgravity science disciplines and
subdisciplines.

The duration of experiments, the regime of parameters available to experi-

menters, and the ability to demonstrate reproducibility of results in many micro-

gravity experiments create the need for extended-duration orbiting platforms.
The recommendations have value, however, whether such platforms become

available or the microgravity program continues only with existing facilities.

The findings and recommendations of this report are consistent with the

preliminary statements of the first report of this committee, Toward a Micro-

gravity Research Stategy. This second report is broader in scope and includes

substantially greater detail in analysis and recommendations.

AREAS RECOMMENDED FOR EMPHASIS

IN MICROGRAVITY RESEARCH

Microgravity science is highly interdisciplinary and broad. The major pros-

pects and opportunities in each of the major disciplines are summarized in this
section. Limitations of opportunities are also discussed.
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Fluid Mechanics and Transport Phenomena

Fluid mechanics and transport phenomena are influenced significantly by

gravity. As a consequence, different behaviors may be expected for many fluid
configurations in a microgravity environment, both with and without heat and

mass transfer. Also, the reduction of gravitational body forces leads to domi-
nance by other forces normally obscured in terrestrial environments such as

surface tension and electrical forces. Because fluid mechanics and transport

processes are involved in most of the areas of microgravity research, they repre-

sent a common theme for much of the subject. Basic research is required to
understand and describe the characteristics of transport phenomena under low-
gravity conditions.

Fluid mechanics and transport phenomena also play an essential role in

many space-based technologies. Space system designers will be challenged to
develop new enabling technologies and critical concepts that involve fluid me-

chanics and transport phenomena in low-gravity environments. Unfortunately,
predictive models for the low-gravity performance and operation of those tech-

nologies are often inadequate. In fact, some researchers believe that useful

predictive models do not exist. Strictly empirical approaches are not preferred

for low-gravity applications because they are costly and time consuming, and
can result in products or systems that are neither reliable nor efficient.

Priority should be given to the study of phenomena that are unique to the

low-gravity environment and to those that are critical to space mission-enabling

technologies and commercial developments. Among the basic topics that may
be studied uniquely in the low-gravity environment are the following:

• Surface tension gradient-driven flows attd capillat:v effects. These are

frequently obscured in a terrestrial environment but may become significant or

dominant in reduced gravity. These topics warrant investigation because they

are not well understood and because surface tension-driven flows are ubiquitous
for many mission-enabling technologies.

• Multiphase flows. Many processes involve multiphase flows. Gravity
imposes a specific orientation on multiphase fluids, structures, and organizations

(e.g., gas-liquid, liquid-solid). In a reduced-gravity environment, orientation

will be much less important; flows and associated transport phenomena become
significantly different.

• D(ffhsive transport processes. At 1 g, multicomponent fluids experience
various modes of thermosolutal convection. In addition, there are other effects

due to different diffusivities for heat and mass. With reduced-buoyancy convec-
tion, the complex interactions can be separated and analyzed. Furthermore,

transport effects masked at 1 g, such as Sorer and Dulbur phenomena, can be-
come important.

• Colloidal phenomena. At 1 g, the nature of surface and short-range

forces, and their consequences in colloidal systems, are often difficult to study
because of the complications associated with competing gravitational effects.
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Microgravity provides an opportunity for study of colloidal systems in which

short-range forces are dominant, and this can contribute in an important way to

understanding these physicochemical interactions.

The above topics are important to biotechnology, combustion, materials science,

and other areas of science.
The following topics deserve attention not only for their intrinsic scientific

importance but also to provide a knowledge base for space technologies and

applications:

• Convective pro_'esses at/ow Reynolds number. Investigation of low Rey-
nolds number flows with density variations at reduced gravity levels will reveal the

altered nature of transport phenomena in a new range of parametric conditions.

• Transport pro_'esses with a phase transition. The modified processes of

condensation, evaporation, and boiling in a low-gravity environment with domi-

nant inteffacial forces require study.

• Complex materials. Porous, granular, and colloidal media, and foams are

complex materials whose structures and functions can differ in microgravity.
Research is necessary to understand the behavior of such materials in a low-

gravity environment and may also lead to a better understanding of their behav-

ior at 1 g.
• Materials pro_'essing. Buoyancy, sedimentation, and interracial phenom-

ena influence such processing methods as fluidized-bed hydrogenation, elec-

trowinning, and vapor-phase pyrolysis and therefore should be investigated.

• Physic'a1 processes in life- and operating-support systems. Some of the
effects indicated abawe apply to processes such as power generation and storage,

water purification, oxygen production, and fuel and fluid storage and management.

Numerous parameters govern the topics listed above. Judicious choice of the

parameter ranges and configurations will be required to ensure that the informa-
tion obtained is directly applicable to the reduced-gravity environment.

Combustion

Combustion inw)lves fluid mechanics, mass and heat transport, and chemi-

cal reaction--all directly or indirectly subject to numerous gravitational effects.

The number of parameters to be investigated is large. Several phenomena (e.g.,

smoldering and flame spread) require long-duration observations and measure-
ments. Furthermore, reproducibility is an issue. Recommendations concerning

equipment and facilities include the following:

• An extended orbiting platform capability will be required for many com-

bustion experiments.
• Ground-based combustion experiments must be undertaken to develop

miniaturized diagnostics and experimental apparatus and techniques for perform-
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ing multiple repetitions of a specific experiment. Experimental space is at a
premium in microgravity research, and because of the many variables in com-

bustion and the difficulties in achieving reproducibility, assurance of data quali-
ty is needed.

The following areas of emphasis are recommended in order of priority:

1. The highest-priority area, and one of intense practical interest, is that of

fires in spacecraft and potential extraterrestrial bases. Microgravity and reduced-

gravity research is required because of the potential for disaster posed by fires.
Much is still unknown about fires in altered gravity conditions. A variable-

gravity capability is required for a full understanding of gravitational effects and

for implementation of fire safety measures in spacecraft.

2. In fire research, several subfields of combustion need to be investigated

under microgravity conditions. Ignition, flammability limits, smoldering, flame
spread, and extinguishment are all deserving of detailed study. Variables must

include fuel type and phase, fuel/oxidizer ratio, ambient oxidizer concentration,

forced and free convection, ignition source, and extinguishment methodology.

3. Turbulent combustion processes are highly important on Earth but can-

not be probed at 1 g at the small size scales that typically occur. Reduced gravity

would allow a scale-up in overall size without the introduction of major buoyan-
cy effects, thus permitting access to the smallest scales of turbulence that are
important to the problem. Here, the Reynolds number based on a forced flow

velocity would remain fixed in the scaling process.

4. Research on laminar premixed and diffusion flames and spray-flow inter-

actions should be conducted, again because of the importance of these processes

on Earth. The same problem occurs here as with turbulent flames. Even though
gravity is not an important parameter for many practical devices, the study of

fundamental combustion processes is often impeded at 1 g because attempts at
scale-up introduce unwanted buoyancy.

Biological Sciences and Biotechnology

The biological sciences and biotechnology are experimental disciplines that

are highly dependent on empirical approaches to the solution of problems and on

the continued discovery and development of useful research systems. Unlike

many other branches of microgravity science, such as fluid dynamics or materi-

als science, there may be no firm foundation of theory, only a limited accumula-

tion of experience. Thus, a reasonably high tolerance for scientific risk (which is
clearly distinct from safety risk) should be allowed in investigations in the bio-

logical sciences. The science community should be prepared, however, to sup-

port research in this area on the basis of its long-term potential and importance,
especially its relevance to human spaceflight. In addition, since research on
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biological topics commonly requires experiments that take a long time to com-

plete, an extended-duration orbiting capability is necessary.
The following topics deserve priority in the order listed. The first two topics

have some demonstrated successes and therefore the likelihood of further suc-

cess. The last two topics are exploratory.

1. In studies to improve methods of crystallization of macromolecules for

use in diffraction studies, additional experiments should focus on defining quan-

titatively those macromolecular crystal growth mechanisms affected by gravity.

Direct, high-resolution observation of the crystal growth process by a variety of

optical techniques and precise monitoring of ambient parameters such as temper-

ature and pH should be included. Ideal test systems should be identified and

carefully delineated.
2. Further experimentation is needed in both terrcslrial and microgravity

environments to develop new methods, materials, and techniques to exploit the

potential of microgravity, where it exists, for improvements in biochemical sep-
arations. These separations are important both in terrestrial applications and in

materials processing to support human spaceflight.
3. A dedicated effort should be made to evaluate the potential advantages of

the microgravity environment for the study of cellular interactions, cell fusion,
and multieellular assembly and to identify candidate cell systems that show max-

imum response to being cultured in such an environmenl. This eflbrt should
follow and build on the previous effort to identify mechanisms, processes, struc-

ture, and assemblies. Efforts should also be made to identify and characterize
subcellular mechanisms that sense and mediate responses to the magnitude and

direction of gravitational forces.
4. A systematic effort should be made to identify those cellular and biomo-

lecular processes, structures, assemblies, and mechanisms that may be affected

by gravity, and to design and carry out experinaents to explore the effects of

microgravity on appropriate systems. A comprehensive database should be corn-

piled of cell types, organelles, and other assemblies, and their responses to

microgravity environments. This systematic approach has substantial potential

impact on our understanding of the underlying processes in the microgravity
environment. It should therefore have an impact on the knowledge base ior

space exploration.

Materials Science and Processing

Metals and AIh>ys

Carefully designed and scientifically well-conceived experiments on metals

and alloys are needed to produce high-quality data and materials uniquely de-

rived from microgravity research. Such experiments are not useful unless they

produce results that cannot be obtained from terrestrial studies. Since many
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experiments in this field require long time scales for completion, the capability

of an extended-duration orbiting platform is needed to obtain full benefits from

microgravity research. Topics in the metals and alloys area that might benefit

from focused microgravity research include the following items listed in order of

general priority:

I. Nucleation kinetics and the achievement of metastable phase states, such

as metallic glasses and nanostructures, are areas that could benefit from achiev-

ing deep supercooling in the microgravity environment, from the elimination of

container surfaces, and from the reduction of melt flows due to buoyancy-driven

convection.

2. Microgravity experiments on Ostwald ripening and phase coarsening ki-

netics would add quantitative, fundamental information about the key' metallur-

gical issues of interracial dynamics during thermal and solutal transport, and the

question of microstructure evolution in general.

3. Observations of aligned microstructures processed reproducibly under

quiescent microgravity conditions should help to provide well-defined thermal

processing limits for polyphase directional solidification of eutectics and mono-

tcctics. These comprise wide classes of technologically important alloys and

composites.

4. Studies of the lk_rmation of solidification cells and dendrites under well-

defined microgravity conditions can add to our expanding knowledge of com-

plex metallurgical pattern formation and, more generally, of the fundamental

physics of nonlinear dynamics. Such studies, to be successful, require the most

demanding control of temperature, thennal gradients, growth speed, alloy com-

position, and other such parametric variables. Microgravity conditions can be

useful in these instances for the pursuit of sophisticated tests of theory and the

quantification of metallurgical pattern dynamics.

5. Some thermophysical properties can be measured advantageously in mi-

crogravity. Accurate data on these properties, frequently essential for the model-

ing of metallurgical processes and materials responses, are often not available

from standard terrestrial measurements.

Po@l_lel'X

Polymers potentially represent the broadest classes of "engineered" materi-

als, permitting great innovation and precision in their design, including control at

the molecular level.

• Although the viscous character of most high polymer melts greatly de-

sensitizes their response to gravitational acceleration, initial experiments in some

areas of vapor- and solution-phase processing of organic and polymer fihns in

microgravity show improved texture and smoothness over terrestrial counter-

parts, suggesting that this area of research merits further study.
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Growth of Inorganic Single Crystals

The microgravity environment will be particularly useful for the study of

transport properties in liquids from which bulk crystals are grown, and priority

should be given to these studies. Such studies probably require a steady, very-

low-gravity environment (less than 10_) such as that obtainable in a free-flyer

and will provide useful data without requiring growth of bulk crystals. Precise
transport data will be particularly useful for fluid dynamics computations, which

are rapidly improving for terrestrial melt and solution growth. Any experiments
on bulk crystal growth must be judged by their potential to contribute to the

scientific understanding of the fundamental processes of crystal growth. The
recommendations in this area of research are as follows:

• The design and execution of microgravity experiments that lead to a

better fundamental understanding of crystal growth have proved elusive, and the

committee recommends against the growth of large inorganic crystals under low

gravity. The best approach to understanding the details of such growth will

likely derive from fluid dynamical modeling and the modeling of processes at
the fluid-solid surface, along with terrestrial studies of crystal growth. This

analytical approach may provide the rationale for the growth of benchmark-

quality inorganic crystals in microgravity.

• Assuming that some of the versatility of terrestrial experimentation can

be achieved in the microgravity environment, there are opportunities for micro-

gravity research that will have an impact on terrestrial bulk crystal growth. Pri-

ority should be given to transport studies, including studies of solute and self-
diffusion, heat diffusion, and Soret diffusion. All of these are studies of the fluid

from which crystals are grown and are amenable to routine study with repeatedly
used apparatus. However, they may require a more stable environment than that

provided by the space laboratory. Indeed, since such studies will undoubtedly be

sensitive to the acceleration environment, they may also be useful for the study
of this environment as a variable in the low-gravity range.

• Precise transport data will become particularly useful since fluid dynam-

ical computational capabilities are improving rapidly for terrestrial melt and so-

lution growth, as well as other industrial processes. These kinds of data will be

required for such computations. Furthermore, transport measurements in indus-

trially important fluids may be an important microgravity application outside the
realm of large inorganic crystal growth.

Growth ¢g'Epitaxial Layers on Single-CpTstal Substrates

During the terrestrial growth of epitaxial layers by vapor deposition, an

effort is made to minimize the effects of flow, buoyancy, and boundary layer

uniformity by rotating or spinning substrates during the growth process. In

addition, attempts are under way to calculate precisely flow patterns and result-
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ing growth rates in model systems. The calculations are complex, and it is not

certain whether they will be able to predict occurrences in real systems that are

useful for industrial production. Since the manufacture of heterostructures by
vapor deposition methods will be accomplished terrestrially, it is not clear wheth-

er any relevant data can be obtained solely under microgravity conditions.

• A low priority is recommended for chemical vapor deposition studies
under microgravity conditions.

For molecular beam epitaxy methods, great gains in purity can be made on
Earth provided sufficient attention is given to reducing contamination and in-
creasing pumping speed.

• Epitaxial layers will be too costly to manufacture in space. At a reason-
able cost, much improvement in the vacuum environment can be achieved ter-

restrially. Studies in orbiting vehicles are not in order until the limits of ground-
based alternatives have clearly been reached.

Ceramics and Glasses

Most ceramic synthesis and processing is achieved at high temperatures
either by solid-state processes exclusively or by those processes in which there

are only small amounts of viscous liquid phases. Glasses are formed from high-
temperature melts (the viscosity of SiO 2 at 1700°C is about 10 7 poise) where the

suppression of convective mixing is generally undesirable because convection

promotes compositional homogeneity. A second case in which liquids are im-

portant to ceramics is in the synthesis of ceramic powders or films from aqueous

solutions or colloidal suspensions. Frequently, the requirement is for a high

density of nuclei and consequent fine particle sizes of the precipitated powders.
Thus, rapid mixing is used, and there is no reason to suppress convection. For

these reasons, low-gravity studies are of limited advantage in this discipline.

Nonetheless, a low-gravity environment might be of benefit to ceramics

research and development in the following prioritized areas:

I. There is interesting potential for containerless melting in microgravity.

Processing of ceramics at high temperatures requires refractory containers that

remain unreactive with the specimen. Availability of a general capability for
containerless, high-temperature processing (to at least 1600°C) would allow con-

tamination-free synthesis of glasses and ceramics, such as those being consid-

ered for optoelectronic applications. Containerless melting also might allow

study of nucleation and crystal growth without heterogeneous nucleation on a
container wall.

2. A fundamental study of crystal nucleation and growth in glass melts in
microgravity would be interesting. Crystallization is an important process, de-
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sirable in glass-ceramics and undesirable in optical glasses, that requires further

characterization and understanding.

3. Mass transport and diffusion studies of glass and ceramic melts under

microgravity conditions should generate more precise data than those available
from terrestrial measurements. One area of research that might be aided by

reduction of convection is obtaining accurate data on diffusion in ceramic melts.

4. The suppression of free evaporation from melt surfaces could allow syn-

thesis at higher temperatures than can be performed on Earth.
5. The epitaxial growth of films from solution, including biomimetic syn-

thesis (self-assembling monolayers) of ceramics, should be studied.

Microgravity Physics

Experiments in this area, with the exception of the general relativity test,

Gravity Probe-B (GPB), all represent extensions of work that is currently con-
ducted or can be conducted in Earth-based laboratories. Much of the scientific

value of the proposed space experiments will depend on the strength of the

connection to Earth-bound research.

The topics of microgravity physics fall into two general categories:

(1) development of new instruments (e.g., superconducting gyroscopes for the

GPB experiment and the mass balance for the equivalence principle test), and

(2) preparation and study of unique samples such as uniform fluids free from

gravity-induced density gradients or low-density granular materials near a perco-
lation limit. This program can include such important studies as fundamental

physics measurements (e.g., verification of the equivalence principle), critical

phenomena, dynamics of crystal growth, and low-density aggregate structures.

The quality of the microgravity environment must be examined critically in
the context of each possible experiment. Minimum acceleration is the most

obvious parameter of concern for many of the contemplated experiments; how-

ever, the time span over which a high-quality, low-gravity environment can be

maintained may be of equal importance. For some experiments, accidental large

accelerations (perhaps resulting from sudden movements of personnel or the

firing of small thrustors) might destroy the object of study, for example, a low-

density granular structure.
With regard to the quality of the microgravity environment available for

experiment, only the center of the orbiting spacecraft is in true free-fall and then

only to the extent that orbital drag effects and other external influences such as
solar wind and radiation are negligible. In a gravity gradient-stabilized space-

craft, there will be a steady rotation of any experiment about the center of mass

of the entire spacecraft once each orbit. For a low Earth orbit, this will result in

accelerations on the 10 7_g level at a distance 1 meter from the center of mass of

the entire orbiting system. On both the space shuttle and the space station, only
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a few experiments will be located close enough to the center of mass to ensure
acceleration levels below the 10 _'-,t_level.

• A number of scientifically meritorious projects, such as the equivalence

principle experiment and GPB, will require spaceflight independent of any

crewed space facilities.

in the future, we may anticipate a continued requirement for low-tempera-

ture facilities in space, since low temperatures are important lot the highest-

resolution measurement techniques, particularly those based on SQUID (Super-

conducting Quantum Interference Device) technology.

• If a space station is to be a useful contributor to the area of fundamental

science, access to liquid-helium facilities will be mandatory.

GENERAL SCIENCE RECOMMENDATIONS FOR

MICROGRAVITY RESEARCH

Following are a number of general science recommendations that are impor-

tant for microgravity research:

• The reproducibility of results is a crucial element of laboratory science,

and flight investigators should be given the opportunity to address reproducibili-

ty in their research. Nonetheless, a balance should be established between the

reflight opportunities necessary for reproducibility and the flight of experiments
that address new scientific issues.

• The need for scientific judgment, trained observation, and human inter-

vention and participation in certain laboratory microgravity experiments requires

a greater use of payload specialists with expertise and laboratory skills directly
related to the ongoing experiments. Some flight experiments would also benefit

from the direct investigator interaction made possible by teleoperation capabili-

ties, and NASA should support the development and deployment of such tech-

niques in future microgravity experiments.

• As a rule, microgravity experiments should be designed and conducted to

provide specific explanations for meaningful scientific questions. Scientific ob-

jectives should be clear and specific. In addition, NASA must continue to sup-

port ground-based experiments and the development of underlying theories. The-
oretical understanding and ground-based experimental results support the need

for microgravity experiments and the likelihood that experimental objectives

will be met. Notwithstanding this, exploratory experiments can be valuable in

advancing understanding of some complex systems (e.g., biological systems).
• There are scientific reasons to augment microgravity research in certain

areas with a variable-gravity capability of extended duration. In some problem

areas, the magnitude of the gravity vector is an important experimental variable

in the microgravity to 1-g range. In a laboratory science where controlled model
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experimental systems are essential, the ability to vary an important parameter

continuously should be developed whenever feasible. Therefore, if a space sta-

tion centrifuge is to be developed, it is desirable to evaluate shared utilization for

microgravity research.

• NASA should categorize experiments according to their minimum facili-

ty requirements to maximize scientific return and cost-effectiveness. Drop tow-

ers, aircraft on parabolic trajectories, sounding rockets, and orbiting platforms

supply a range of acceleration levels, acceleration spectra, and experimental du-
rations and provide opportunities for human interaction and demonstration of

reproducibility. Some facilities are more suitable than others for precursor ex-

periments to evaluate instruments and procedures and to demonstrate feasibility.

• General-purpose facilities (versus experiment-specific equipment) should

not be imposed on principal investigators if it might degrade the scientific re-

sults. Costs are not necessarily lowered when equipment is designed for a wide

range of experiments; moreover, the scientific benefits could be substantially

reduced by the inherent compromises.

• For each flight experiment, the acceleration vector should be accurately

measured locally, frequently (or continually), and simultaneously with other ex-
perimental measurements. Since the magnitude and direction of the net local

acceleration environment can significantly affect experiments, they must be cor-

related with the primary experimental data. The net acceleration vector varies

temporally and with position relative to the spacecraft center and can have major
effects even at small magnitudes.

• Materials studied in microgravity experiments should be adequately char-

acterized on Earth. For some materials, there is a lack of the thermophysical

data essential for both experimental design and modeling. These data should be

obtained by ground-based research where possible or from microgravity mea-
surements if necessary.

• The qualitative effects of the acceleration environment on certain types

of experiments should be studied. These effects are not generally understood
and characterized.

ADMINISTRATIVE RECOMMENDATIONS

The following recommendations do not directly address scientific issues but

instead summarize administrative issues that profoundly affect the quality and

quantity of the science content of the microgravity program.

• Meaningful interaction should be maintained between the principal in-

vestigators and NASA staff during experiment development and integration, and

communication among these groups must be continued following flight. It is

essential to minimize the overlap of responsibilities in the NASA infrastructure
to accomplish this goal.



RECOMMENDA770NS AND CONCLUSIONS 41

• It is essential that the overlap of responsibilities among NASA centers

and between centers and headquarters be substantially reduced in order to opti-
mize the influence of the principal investigators and the likelihood of successful

experiments.

• Measures should be taken to improve coordination and cooperation be-

tween the life sciences administration and the microgravity research administration

concerning biological and biotechnological research on cellular and subcellular pro-

cesses and mechanisms. The strong scientific coupling between biotechnology and

other microgravity disciplines through the fluids and transport theme should be

recognized in any administrative reorganization.

• All data, including acceleration rneasurements, should be made available

immediately to the principal investigator. Current delays in providing data ex-
tend many months beyond the flights. NASA must coordinate the operations of

various offices so that priority is given to the processing of experimental data.

• It is necessary to increase substantially the number of ground-based in-

vestigations to ensure the future supply of high-quality flight experiments. Con-

sequently, the budget for ground-based research should be increased as a frac-

tion of the entire microgravity program. To the maximum extent feasible,

funding for ground-based research in the microgravity program should be pro-
tected from temporary budgetary fluctuations.

• In addition to its role in developing flight experiments, the ground-based

program can provide important scientific and technical data for other purposes.

A ground-based study can therefore be judged successful even if a flight experi-
ment does not result.

• Microgravity research is much broader than the topic of materials pro-

cessing in space and should be identified as microgravity research in all official

documents, including the federal budget. Microgravity research better describes

the activity and its actual and potential accomplishments. Materials processing
in space characterizes only a fraction of the activity and promotes a misleading

impression of the potential benefits and scope of the program.

• The microgravity sciences and applications program and the commercial

development program have a large area of overlap and common interest. Coor-

dination between these programs and an equally stringent review process for

each should be fostered by NASA for their mutual benefit.
• NASA should establish mechanisms for continuous, unrestricted submis-

sion of research proposals in order to optimize quality and take advantage of scien-

tific advances. Unrestricted submission of research proposals would parallel ap-
proaches of other funding agencies and would enable continual scientific advance.

• To manage the diverse disciplines in microgravity research, it is neces-

sary to increase the breadth and experience of the scientific staff at NASA head-

quarters. A rotation of prominent scientists on leave from universities, national

laboratories, and industry is one mechanism to be explored. Introduction of

active scientists in the administration of the program would be highly beneficial.
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• Prompt documentation of experimental results should be required and

enforced. Reports of all experiments, including unsuccessful efforts, should be

accessible to all interested parties. A concern is that some investigators might

not report results because they are proprietary or inconclusive. The lack of an

available report could lead to unnecessary duplication of efforts.

• NASA should organize and maintain an accessible archive of microgravity
research resulls. This archive should contain a bibliography of all published scien-

tific papers and reports on microgravity subjects and should preserve the original

spaceflight data sets, such as photographs and electronically recorded data.

An additional point of concern is that given the long time scale for the

development through flight of a space experiment, there is a real danger that the
scientific goals of the experiment might be bypassed by new developments or by

major shifts in the value ascribed to the work. There is also the possibility that

the principal investigator may lose contact with the field. Several of the above

recommendations may be useful in this regard. Anything that NASA can do to
shorten this time frame would be beneficial. This topic is explored in more

detail in Chapter 8, which also contains some additional scientific and adminis-

trative recommendations specific to the flight program.
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Fluid Mechanics and Transport Phenomena

INTRODUCTION

The field of fluid mechanics and transport phenomena plays a dual role in

the microgravity research program. It stands as a distinct disciplinary area but

also appears as a theme running through other microgravity disciplines. Presen-

tations in other chapters of this report reflect the role of the fluids and transport

discipline as providing supportive science for other microgravity disciplines.
Many fluid mechanics and transport phenomena (heat and mass transfer) are

influenced directly by gravity. Such phenomena are also vital elements in a

wide range of physical, chemical, and biological systems, many of which are

important in both terrestrial- and space-based technologies. The main character-

istics of a low-gravity environment in relation to fluid mechanics and transport

phenomena are the diminished importance of buoyancy-driven flows and sedi-
mentation, and the relative increase in importance of other forces, such as sur-

face tension at fluid-fluid interfaces. These effects have important consequences

not only for the conduct of research in other microgravity disciplines but also in
the development of many mission-enabling technologies. The fluid mechanics

and transport phenomena area of the microgravity research program should have
both fundamental and applied objectives:

• Fumtamentalprohlems. A key objective for fundamentally oriented re-

search should be the identification and description of new phenomena that may

influence transport and other applications in microgravity due to the change in

parameter range from the ground-based norm.l A second general objective for

fundamental research should be to focus on problems in which a low-gravity

45
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environment can contribute to the fundamental understanding of observed phe-

nomena by providing a unique experimental window.

• Applications. Transport problems are relevant to the other disciplines in

the microgravity program and to mission-enabling technologies, including, for

example, understanding how altered transport phenomena in microgravity influ-

ence the operation or adaptation of biological systems to space, understanding

how combustion processes change, or understanding how materials processing is

modified. 2 Many mission-enabling technologies inw31ve transport phenomena,

but predictive models for low-gravity performance and operation are frequently

inadequate. A knowledge base should be established for the efficient design,

development, and operation of such technologies.

STATUS

A few crude demonstrations, consisting primarily of the unusual effects of

surface tension on fluid behavior in microgravity, were performed aboard Sky-

lab. 3 These represented the first fluid experiments in a low-gravity environment.
It should be noted that despite the completion of more than 50 space shuttle

flights to date, relatively little time was allotted to microgravity research on fluid

dynamics and transport phenomena. Six fluid experiments by European scien-
tists were performed in 1983 aboard Spacelab-1. Five of those concerned the

effects of capillarity on fluids: isothermal meniscus between two plates of un-

equal radii: free surface oscillations in drops; liquid-column stability with rota-
tion, vibration, and stretching; axisymmetric free surface behavior due to forced

disturbances in partly filled containers; and kinetics of the spreading of a teth-

ered drop. The sixth experiment was designed to study thermocapillary flows in

a liquid bridge.
Some of these experiments were repeated on the D- 1 mission in 1985, along

with seven other experiments--two dealing with thermocapillary flows in rect-

angular containers: two with thermocapillary migration of bubbles and drops;
one with diffusocapillary convection in a rectangular container; and two with

separation of fluid phases (one in a liquid column and one with bubbles in a

reacting liquid).
The first U.S. fluid experiments were performed aboard Spacelab-3 in 1985.

One was a geophysical fluid flow cell (i.e., a rotating hemispherical shell of fluid
with an electric field to simulate radial gravity forces) and another was con-

cerned with the dynamics of rotating and oscillating drops in acoustic fields.

The third, which was not primarily a fluid experiment, studied the growth from

solution of triglycine sulfate crystals by means of holograms and indicated the

reduction, during crystal growth, of buoyancy-driven convection. It was repeat-
ed on the 1ML-I mission in 1992.

The evaluation of Spacelab-I fluid experiments noted _ number of prob-
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lems, including power limitations, limitations on time available for experiments,

an insufficient theoretical basis, shortcomings in equipment performance, and

the poor quality of data transfer to the ground. 4 Reviews of the experimental
results of the D-1 mission 5 also indicated numerous problems in equipment per-

R_rmance, high _-jitter accelerations, and diagnostics. Thus, many of the results

were essentially qualitative and descriptive.
The USML-I mission, which was launched in June 1992, was the first micro-

gravity flight dedicated solely to U.S. scientists. Thirty-one investigations were

included in the payload, with two of the three major facilities for fluid research.

The first, the Surface Tension-Driven Convection Experiment (STDCE), was dedi-

cated to a single investigator: the second, the Drop Physics Module (DPM), in-

volved three investigators. A Space Acceleration Measurement System (SAMS)
was also included to enable the acceleration environment aboard the shuttle to be

described accurately.
The STDCE _'-14conducted in an interaclive mode on the USML-I mission

was the first thermocapillary flow experiment with state-of-the-art diagnostic

techniques to yield quantitative flow field and temperature data over a wide

range of conditions with two different heating modes and various initial interface

shapes, which are unique to the microgravity environment. The nature and ex-

tent of large Marangoni number steady thermocapillary flows in a cylindrical

chamber were determined. The g-jitter due to thruster firings and other space-

crafi activities did not affect the experiments. No flow oscillations were ob-

served even for Marangoni numbers larger than 10, which indicates that the

Marangoni number alone is not sufficient to specify the onset of oscillations.
The STDCE was designed to determine quantitatively the nature and extent

of flows (velocity and temperature distributions) driven in a cylindrical container

by temperature gradients along the liquid free surface imposed by different ther-

mal signatures due both to various CO_ laser heat fluxes and to various tempera-

ture differences between a heated center post and the cooled wall.

The behavior of drops and shells subject to rotational torques by acoustical

fields was studied in the DPM. Another experiment involved delermining the

surface properties of liquid drops in the presence of suffactants and also the

coalescence of droplets with surfactants. The third investigation in the DPM

measured the liquid-liquid interfacial tension of a compound drop.

A glovebox facility was also aboard that mission. Thirteen qualitative ex-
periments that were developed relatively inexpensively in a short period of time

were accommodated in this way. Six of these were related to fluid research: two

were on thermocapillary flows (with one generalizing the results of the STDCE),

three dealt with capillarity (with two related to the DPM experiments), and one

was concerned with the aggregation of fine particles in air. All of the detailed

data have not, as yet, been completely analyzed by the investigators, but the

results reported _5are interesting and encouraging.
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RESEARCH AREAS

Priority should be given to the study of phenomena that are unique to the

low-gravity environment and to those that are critical to space mission-enabling
technologies.

Fundamental Research

Among the basic topics that may be studied with special advantage in the
low-gravity environment are the following:

• Surface tension gradient-driven flows and capillary effects. The effects

of flow phenomena driven by surface tension forces are frequently masked by

competing gravitational forces in the terrestrial environment but become signifi-

cant or dominant in reduced gravity. This provides an opportunity for a unique

experimental window that can be used to study surface tension-driven convec-

tion phenomena, as well as the microscale physics of the interfacial zone (e.g.,

surface or interfacial theology in systems with surfactants or the dynamics of the

contact line on a solid boundary), all of which remain poorly understood. Fluid

interfaces with surface tension variations are also common for many spaceflight-

enabling technologies (e.g., boiling, heat transfer, combustion, welding, brazing,
or soldering). Processes that rely on gravity-driven separations in the terrestrial

environment, such as the removal of gas bubbles from a liquid, must be accom-

plished by other means in microgravity environments (e.g., by thermocapillary-

driven migration via nonuniform temperature fields). Frequently, however, ad-

ditional study will be necessary to enable practical implementation of these

processes.

• Multiphaseflows. Many important phenomena involve multiphase flows

or two-fluid systems (e.g., bubbles, drops). In ground-based studies, gravity

imposes a specific orientation on multiphase fluids, structures, and phase organi-

zations (e.g., gas-liquid, liquid-solid). Furthermore, the systems are generally

too complex for fundamental predictions and simulations. Thus, gravity cannot
be separated from the observed phenomena in ground-based studies. In a re-

duced-gravity environment, the gravitational phase orientation is greatly dimin-
ished, and it is expected that multiphase flows and associated transport phenom-

ena will become significantly altered. Low-gravity experiments might not only

contribute a foundation for space-enabling technologies, as discussed below, but

also contribute to an understanding of the essential physics of terrestrial mul-
tiphase flows.

• Diffusive transport processes. Under normal gravitational conditions,
multicomponent fluids experience various modes of thermosolutal convection

(depending on the relative orientations of temperature and concentration gradi-

ents with each other and with the gravity vector). In addition, there are other

effects due to important convection phenomena that derive from the differences



FLUID MECIfANICS AND TRANSPORT PttENOMENA 49

in diffusivities for heat and mass. Such phenomena occur in many materials and

industrial processes (e.g., macrosegregation). With reduced-buoyancy convec-
tion, there is a significant opportunity to obtain a better fundamental understand-

ing of other complex temperature- and concentration gradient-induced interac-

tions, such as Sorer and Dufour effects, which are usually overshadowed under
terrestrial conditions.

• Colloidalphenomena. Colloidal suspensions are representative of a larg-

er class of systems in which surface forces play a critical role. In many instanc-

es, however, understanding the consequences of these forces is complicated by

competing gravitational effects. Although gravitational effects can be mini-

mized in the terrestrial environment by density matching, this frequently may
change the chemical environment or require introduction of materials different

from those of direct interest. Thus, the microgravity environment provides an

opportunity for experimental studies of phenomena such as order-disorder tran-

sitions in dispersions of hard spheres or electrohydrodynamic effects such as

drop deformation in electric fields, which can strengthen the fundamental under-

standing of those physicochemical interactions and their macroscopic manifesta-
tions in complex fluids.

The above topics are also important to biotechnology, combustion, and ma-
terials science. Some of them are discussed in subsequent sections that deal in

detail with those areas. Beyond these specific discipline-based areas, micrograv-
ity offers the possibility for experimental studies of fundamental fluid physics
phenomena that, in the terrestrial environment, cannot be done or can be done

only for limited parameter ranges. One example that has received significant

study already is the dynamics of individual bubbles or drops in acoustic fields.

Technology Development

One of NASA's missions is to "provide technology for present and future

civil space missions and provide a base of research and technology capabilities

to serve all National space goals. ''16 Many of the technologies required for

NASA programs involve transport phenomena, including power systems; ther-

mal management systems; spacecraft fire hazard management; cryogenic en-

gines; fluid systems tankage; physical and chemical life-support systems; and

user-support subsystems such as refrigerators. More specifically, multiphase
flow phenomena, which are highly gravity dependent, are central to heat and

mass transfer in all systems, and gas-liquid contacting for air purification and

energy generation also have a major role in chemical processes such as catalysis
and ore beneficiation techniques. Fundamental studies of such phenomena will

contribute to better process design for the microgravity environment.

Safe and efficient heat transfer design for reduced-gravity applications is
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currently not possible because fundamental knowledge of convection processes

at very low Reynolds number, and of boiling and condensation in a low-gravity
environment, is lacking.

NASA's long-term mission to explore the universe is also clearly dependent

on exploiting the behavior of materials and processes in low gravity. For exam-

ple, the mining, winning, and processing of extraterrestrial materials will be
essential for extensive exploration of the solar system. Since it would be costly

to transport Earth-based materials to the Moon and other planets, in situ materi-
als must be considered. Current processing techniques will not suffice for

obtaining materials under the unusual conditions encountered on other, nonter-

restrial, bodies. Technologies to enable processes such as fluidized-bed hydro-

genation, electrowinning, and vapor-phase pyrolysis will eventually be needed,
and all involve transport phenomena that are affected by gravity. The technolo-

gies for life- and operations-support systems, such as power generation and stor-
age, water purification, oxygen production, and fuel and fluid storage and man-

agement, also involve gravity-dependent transport phenomena.
Thus, if reliable, cost-effective, and efficient technologies are to be devel-

oped to enable NASA's mission to be successful, the fundamental understanding
of the effects of gravity on many transport phenomena is essential. The commit-

tee believes that the following topics, in addition to being of intrinsic scientific

interest, are critical to provide the knowledge base required to design effective

and reliable space-based systems and facilities in which fluid processes are in-

volved:

• Convective processes at low Reynolds number. Buoyancy affects the

transport of heat and mass when the Reynolds number becomes small enough in
the terrestrial flow of fluids with density variations. Invcstigation of low Rey-

nolds number flows with density variations, at reduced gravity levels, can reveal

the altered nature of the transport phenomena.

• Transport processes with a phase transition. Aspects of condensation,

evaporation, and boiling are influenced by both gravity and interfacial forces.

How such phenomena differ in a low-gravity environment, with interfacial forc-

es dominant, requires further study.
• Complex materials. The structure and transport of complex materials are

often influenced by gravitational effects; for example, multiphase flows in po-

rous media, flows of powders and granular materials, the motion and stability of

foams, and the sedimentation of colloidal dispersions. Research is necessary to
understand the behavior of such materials in a microgravity environment. This

research may also lead to a better understanding of the behavior of complex

materials at I ._.
• Materials processing. Buoyancy, sedimentation, and interfacial phenom-

ena influence such important processing methods as fluidized-bed hydrogena-
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tion, electrolysis and electrowinning, and vapor-phase pyrolysis. Their features
in microgravity should be investigated.

• Physical processes in l(['e- and operating-support systems. Some of the

effects indicated above apply to such processes as power generation and storage,

water purification, oxygen production, and fuel and fluid storage and manage-
ment.

SUMMARY

The modifications in fluid flows and in heat and mass transfer processes that

occur in the transition between the terrestrial environment and microgravity un-
derlie modifications that occur in many biological processes, materials behavior,

combustion, and a number of mission-enabling technologies. These changes
result from the diminished significance of buoyancy for gravity-driven motions

and the relatively greater importance of other forces. The microgravity environ-

ment also provides unique conditions for experimental studies that can contrib-

ute new understanding of fluid flow and transport processes that are significant
primarily to Earth-based applications.

For these reasons, a research program on fluid physics, aimed at primarily

fundamental studies of fluid mechanics and transport phenomena that are partly
or completely masked at 1 g, has been under way for the past several decades,

and the committee recommends that this program be continued. Among the

topics that this program should cover are surface tension-driven flows and capil-
lary effects; multiphase heat transfer and fluid flows; and the behavior of com-

plex fluids such as colloids, granular media, and foams, whose dynamical behav-

ior can be strongly influenced by gravity. In addition, some emphasis should be

placed on microgravity transport processes that will play a role in the design and

operation of future space facilities, such as low Reynolds number convection,

boiling, evaporation or condensation, or methodologies that may be required for

materials processing, such as fluidized-bed hydrogenation, electrowinning, or
vapor-phase pyrolysis.

It is further recommended that steps be taken to enhance interaction between

the research community and the engineering community thai will design, build,

and operate future space facilities to help priorilize studies related to "enabling

technologies." Similarly, steps should be taken to foster interdisciplinary re-
search involving fluid dynamics and transport processes in other areas such as
the life sciences, materials processing, and combustion.

I. Ostrach, S.

2. Ostrach, S.

182140.
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Combustion

INTRODUCTION AND OVERALL GOALS

The science and engineering of combustion processes involve many disci-

plines of physics and chemistry. Combustion is a complex process and one that
is influenced by gravity in many ways. Gravitational forces are instrumental in

the burning of a candle, where buoyant forces lift the hot gases of combustion
and allow the convection of fresh oxygen into the flame region. As illustrated

below, however, in the scale-up of a combustion experiment for observational

purposes, gravity often obscures the phenomenon of interest by introducing buoy-

ancy that is absent in the experiment at the original scale. As much as the
atmosphere has been an impediment to optical astronomy on Earth, so has grav-

ity been an impediment to understanding combustion in certain cases. The near
absence of gravity in spaceflight situations ensures different combustion behav-

ior compared to that on Earth. Not only would experimentation under micro-

gravity conditions be useful in improving scientific understanding of that behav-

ior, but it is also imperative from the standpoint of spacecraft fire safety.

The uniqueness of the microgravity environment includes a reduction of

buoyancy forces, an inhibition of particle or droplet settling, and in some cases, a
reduction of dimensionality (e.g., droplet burning tends to become spherically

symmetric). Some surmountable challenges do arise, such as the emergence of

surface tension as a major mechanism in certain two-phase experiments and the

need to design compact optical diagnostic equipment.
The great reduction of buoyancy forces in the microgravity environment

allows the study of certain phenomena with much higher resolution because

53
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length scales can be increased. For example, similitude with the Reynolds num-

ber or the Peeler number ['or turbulent flows can be maintained in microgravity

conditions by increasing the length scale and appropriately decreasing the veloc-
ity scale. At Earth gravity, such a change would result in a large increase in the

Grashof number (a nondimensional magnitude of buoyancy). That is, buoyancy
might be insignificant in the phenomenon of original interest but could inadvert-

ently be introduced in the attempt to improve resolution. Under microgravity

conditions, however, the magnitude of the Grashof number remains insignifi-

cant. The other type of experiment is one in which buoyancy plays a role in the

phenomenon of original interest at Earth gravity'. Here, the microgravity envi-

ronment presents an opportunity to treat gravity as a variable input parameter by

designing an experiment to be operated in both microgravity and Earth-gravity

environments. In this context, it is noteworthy that conduct of the experiment
again in partial-gravity environments (Moon, Mars, or the space station centri-
fuge) could be helpful.

There are a number of important issues in combustion, including flammabil-
ity, stability, ignition, extinction, flame speed and spread rate, radiation, mul-

tiphase effects, critical point behavior, and smoldering. These are all affected by

gravity in any experiment on Earth with normal gravity ( 1g). A further compli-

cation is the wide disparity of relevant characteristic times in various subpro-
cesses in combustion. For example, chemical kinetic times can be as short as

10_' s, droplet burning times can be of the order of milliseconds to seconds, and

smoldering times can be of the order of minutes to hours. Thus, both time of

observation and gravity are variables that must be taken into account in experi-
mentation. This is discussed below under facilities requirements.

The overall goal of a microgravity program in combustion should be to

enhance the science base of combustion phenomena where gravity is an impor-

tant parameter in the problem. Secondarily, the science base should be expanded
in areas where meaningful experiments cannot be performed on Earth because

gravity interferes with scaled-up experiments. (See Plates 4. I and 4.2 for exam-

ples of low-gravity combustion experiments.)

PROBLEMS UNIQUE TO COMBUSTION

There have been several recent reviews of the status of research and technol-

ogy of gravitational effects on combustion. I-,_ The problem that I g poses in
studies of combustion is best elucidated by considering some dimensionless

groupings that naturally arise. One of these is the Grashof number, which indi-

cates the ratio of buoyant to viscous transport. Since density differences of nine

to one (cord to hot) easily occur in combustion, gravity acts differently on hot
gases than on cold gases. This extreme density difference is common in com-
bustion. In situations at 1 g where the size scales of interest are less than the

order of 100 pm (droplet burning, for example), buoyancy effects are negligible



Normal gravity,
minimum flame height

Normal gravity,

maximum flame height
Microgravity

PLATE 4.1 Combustion of a gas-jet (propane) flame in a quiescent

atmosphere of air under normal gravity and microgravity conditions

(the latter in a drop-tower test at NASA's Lewis Research Center).

Due to the buoyancy effects under normal gravity conditions, the

flame flickers, leading to the range of flame heights shown in the first

two frames. Under microgravity conditions, the flame is very steady

and, as may be seen. is considerably broader than under nonnal grav-
ity conditions.
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PLATE 4.2 Candle flames. As this figure illustrates, there are dra-

matic differences between candle burning under normal gravity and

microgravity conditions due to the absence of natural convection

(buoyancy-induced) in the microgravity case. Under normal gravity,

the candle flame is very orange and extends strongly in the vertical

direction due to these convection effects; in the absence of gravity (in

a glovebox experiment on USML- 1), all transport of oxygen into the

flame occurs by relatively slow, very symmetric diffusion proccsses,

resulting in a weak (as indicated by the blueness of the flame), spher-

ically symmetric flame.
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compared to those of molecular transport. These small scales, however, present

severe problems in measurement and experiment design. Note that the Grashof
number is proportional to the cube of the length scale and is therefore extremely

sensitive to experimental size.
If forced convection is present, the appropriate dimensionless group is the

Richardson number, which indicates the relative effect of buoyancy-induced ve-

locity to the forced velocity. In situations where a laminar burning velocity of a

premixed mixture is the appropriate velocity, the buoyancy-induced velocity can

be neglected only for laminar speeds above about I m/s. This is near the upper

limit of observed flame speeds for any mixture and is orders of magnitude great-

er than flame speeds observed near flammability limits, with these limits in-

tensely relevant to the spacecraft fire issue.
In nonpremixed flames (e.g., a jet flame), the Reynolds number based on

forced convection velocity must be large compared to the square root of the

Grashof number so that buoyant velocities are negligible relative to forced con-

vection velocities. With flow speeds of the order of meters per second or more
and size scales of the order of centimeters, this condition on the Reynolds num-

ber is met easily. It is not possible to meet this condition for small Reynolds

numbers (<1) and length scales of the order of a millimeter or greater at Earth

gravity. Small Reynolds numbers at a reasonable laboratory size scale introduce

gravitational effects on Earth. The implication is that investigation of the highly
important Stokes regime (Reynolds number less than 1) is excluded from obser-

vation at 1 _e. This regime can be of interest, for example, in droplet burning.
In turbulent flows, characterized by high Reynolds number, there can be a

large range of size scales from the large eddies to the smallest structures. For

buoyancy-induced stresses to be small compared to the turbulent stresses under

investigation, flow velocities must be large (>50 m/s) in a reasonably sized appa-

ratus (say I cm). While this may be achieved locally, there are always low-

speed regions in a turbulent combustion experiment for which the buoyancy-free
condition will be violated. On the other hand, in practical devices, buoyancy is

not present at the speeds, size scales, and geometries of interest. The turbulence

prediction problem is difficult enough without gravitational effects, and the com-

plications presented by gravity obscure comparison of theory and experiment.

At the University of Sydney, Sandia Laboratories, and the General Electric

Company, turbulent jet diffusion flame studies at 1 g show clear buoyancy ef-

fects that either destroy symmetry or induce axial disturbances that make agree-

ment between theory and experiment difficult far enough downstream in the
flame? The downstream region is, however, one of the important flame regions

for the study of turbulence decay. A database is needed in this region to study

closure methods or computational methods for turbulence prediction. As anoth-

er example, consider droplet burning, a concern in all spray combustion devices.

It is usually true that buoyancy forces are small in practical spray combustion

devices. However, the droplets are usually small (of the order of 100 [am or less)
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in a real combustion chamber, and experimental access on this scale is impossi-

ble at the current time. Scaling up the experimental size to the order of several

millimeters or centimeters allows experimental access, but then the buoyancy
problem appears and the experimental data are not relevant to the real industrial

process.

While 1 _¢often presents a hindrance to gaining scientific understanding of

combustion phenomena, experiments in the microgravity environment can present

challenges in the form of new phenomena that become dominant. These challenges
can be viewed as opportunities to address new scientific issues in combustion

through microgravity experiments and supporting theory.

Although some problem areas relate to the gravity level, as discussed above,

other problems can arise in microgravity experiments of combustion. For exam-

ple, the fuel/oxidizer ratio, relevant to the issue of spacecraft fire safety, is anoth-

er variable that must be investigated. The oxygen content of spacecraft atmo-

spheres can vary over a reasonable range and still be satisfactory to humans.

Consequently, data for oxygen at only 21% by volume, common to the l-g

problem, may be unsatisfactory. Another problem concerns the ability to ac-
quire enough data for statistical confidence in results. The data acquired in a

typical microgravity experiment to date consist of data at one point. This prob-

lem is compounded in combustion because of the large number of variables,

including the gravity level. Exhaust gas presents yet another problem area in

microgravity testing of combustion. Because the exhaust of combustion prod-

ucts is restricted on spacecraft, special means must be employed in experiment
design.

Experimental requirements are especially severe in combustion because of the

many variables of interest: pressure, temperature, velocity, concentration of major
and minor species, and radiation (in the visible, ultraviolet, and infrared). This

taxes the field of experimental diagnostics to the limits of technology, especially in
view of the compactness requirements of equipment in flight configurations.

STATUS OF GRAVITATIONAL-BASED

CURRENT KNOWLEDGE

The flammability limits of premixed gases are crucial to spacecraft fires and

have already been shown to be wider at microgravity than at 1 tO.-s,t' Both magni-

tude and orientation of gravity affect flammability limits. The mechanisms op-
erating at flammability limits are currently uncertain: it is not known whether

heat loss, chemical kinetics, or various instabilities are the influential phenome-

na. A series of experiments on flame propagation through gaseous combustible
mixtures is needed to evaluate the relative importance of various mechanisms to

the flammability limits. The effects of chemical kinetics, radiative heat losses,

fluid dynamic strain, mixture ratio, Lewis number, and buoyancy should be de-

termined. The effects of these same parameters on flame front instability and
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cellular flame formation are also of interest. The use of a microgravity environ-

ment to separate the buoyancy effect from other potentially important effects

would be highly useful for the comparison of theory and experiment and in the

practical arena o1 spacecraft fire safety.
A number of instabilities arise in various gas mixtures that are used to study

turbulent flames. The Rayleigh-Taylor 7 instability requires the presence of acceler-

ations-gravity or otherwise. The density differences that are inherent in flames are

the root cause of the Landau-Darrieus instability, s which is not gravitationally de-

pendent. Other instabilities that may depend on gravitational effects are thermodif-

fusive in nature. `) The study of flame instability behavior could be carried out

fruitfully in microgravity to gain unambiguous information about the causes of

instability. Some unique behavior at microgravity has been discovered in the area

of self-extinguishing flames j° and stationary spherical flames, which involve flame
stretch (strain), radiation losses, and various instability mechanisms.

Microgravity studies of gaseous diffusion flames have resulted in the discover-

ies of new extinction behavior and excessive sooting. 11 In droplet burning studies,

soot problems occur in microgravity in the form of nonremoval of soot by buoyant

forces and thermophoretic transport of soot toward the droplet surfaceJ 2 Because

of the elimination of settling effects, important opportunities exist for the study of

soot formation and agglomeration. The absence of settling also allows for useful

studies of spray combustion and particle cloud combustion.

A primary area of interest in spacecraft fire safety concerns how flame

spread over solid and liquid fuels (with and without forced convection environ-
ments) is affected by gravity. Buoyancy and surface tension have been shown to

be important in ignition and flame spread above liquid fuel pools. Flame spread
rates over solid fuels have been found to decrease as the ambient oxygen concen-

tration decreases, and the dependence on the magnitude of gravity increases as

the oxygen level decreases, t3'14 Forced air velocities affect spread rates: spread

rates increase with increasing velocity until blow-off occurs. Curious optima on

flame spread rate have also been discovered with regard to the convective flow
rate in such flames. USML-I results _5 indicate that radiation heat transfer is

dominant in the flame spread above solid fuels.
Smoldering of solid fuels, often a precursor to fire, will be especially sus-

ceptible to gravitation, because of the nonremoval of flammable products of

pyrolysis by buoyancy. Furthermore, USML-I results 16 indicate that carbon

monoxide production from smoldering at reduced gravity is an order of magni-

tude greater than on Earth. Fire detection and extinguishment methods will also

have to be different at microgravity as opposed to those at 1 g. For example,
smoke detectors on Earth are located in ceilings because of buoyancy, as are

detectors _br hydrogen.

Progress is being made in direct numerical simulation of turbulent flames.

albeit at fairly low Reynolds numbers (quasi turbulence). These simulations
cannot be tested on Earth, however, becausc of gravitational influences on these
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low-velocity configurations (i.e., because simulation at low Reynolds numbers
introduces buoyancy). The same problem exists with large eddy simulations and

second-order closure methods (two methods of approximating turbulent trans-

port). The microgravity environment may be useful to verify theoretical meth-

ods because flows may be constructed at low velocities and large size scales free

of buoyant effects.

SPECIAL INSTRUMENTATION AND

FACILITIES REQUIREMENTS

As mentioned above, the duration of observation is central to the facilities

required if combustion experiments at microgravity are to be conducted. NASA

facilities include drop towers offering 2 to 5 seconds of test time, airplanes

offering tens of seconds in parabolic flight and also allowing various gravity

levels, the shuttle offering hours to days, and the future space station with days
to years, each with its unique gravity-level capabilities, n7 Most of the informa-

tion that has been gained in the facilities used to date has been photographic. It

has been found, however, that even in drop lower experiments with a sudden

impact at the end, lasers can survive. It appears that more sophisticated interro-

gation equipment may be employed in the future.

Advanced laser diagnostics j8 have been used in ground applications to gen-

erate much fundamental combustion and aerodynamic data and to study the

operational behavior of many kinds of practical devices in a nonperturbing man-
ner. The capabilities in this field are driven by advances in the equipment used:

(I) improved laser power, higher repetition rates, smaller physical size, and in-

creased electrical-to-optical efficiency; (2) greater multielement detector sensi-

tivity, faster gating capability, smaller pixel size, and larger formats; (3) faster

computer speed, smaller physical size, increased data storage capability, and

lower power consumption; (4) more choices in fiber-optic characteristics; and

(5) advances in spectrograph designs. Based in part on these advances, spectro-

scopic diagnostics have progressed from laboratory demonstrations to measure-

ments in full-scale test stands. Hardened, mobile apparatus have been success-

fully developed that, with further evolution, are suitable for flight applications.

Available laser powers and detector sensitivities now permit many nonintru-

sive diagnostics to be performed using one- or two-dimensional imaging config-
urations. The availability of specific wavelengths, especially those in the ultra-

violet+ has caused dramatic revivals in the importance of some diagnostics (e.g.,

excimer-pumped spontaneous Raman scattering). Some of the currently used

technology derives from related areas: flight-certified lasers (especially solid-

state) from satellite communications; intensified detectors and spectrograph de-

signs from satellite, astronomical, and military imaging; and diode laser/fiber-

optic technology from communications and photonics. Much recent work has

been directed toward instantaneous imaging in short-duration facilities such as
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shock tunnels. Recent advances in diagnostic strategies have permitted mea-

surements to progress from semiquantitative visualization to more quantitative

results. These developments have greatly increased the utility of the data ob-
tained for the validation of computational fluid dynamic (CFD) codes.

In the absence of buoyancy, the structures of many microgravity flames are

exceedingly fragile; the use of physical probes is unacceptably perturbing. Many

of the general improvements in equipment choices described above support cur-

rent and future microgravity applications. The need to work with hardened,

mobile apparatus in short-duration, hostile, test cells has paved the way fl)r the

drop tower arena. Flight-certified equipment with reasonable size and power

requirements is compatible with reduced-gravity aircraft flights. Space-qualified

equipment that has been used in satellites is, of course, especially relevant to the
space shuttle.

To be useful in short-duration, reduced-gravity, ground-based experiments,

diagnostic approaches must be at least line imaging. Most microgravity com-

bustion-diagnostic work to date has involved either physical probes or simple

and relatively conventional backlighted schemes with standard, high-speed, pho-

tographic recording. A diagnostic technique as simple as recording luminosity

has provided significant insight into flame structure (e.g., flamefront location).

Microgravity research should be increasingly impacted by many of the tech-

niques becoming standard in combustion research, such as the direct, digital
recording of fluorescence from flame radicals (e.g., planar laser-induced fluores-

cence, PLIF). Laser sheet illumination will allow resolution of spatial structures

not possible with line-of-sight approaches (e.g., schlieren) that use backlighting.

Laser light scattering from soot should help characterize soot formation and

from added seeds permit velocity field imaging using methods such as particle

image velocimetry (PIV). Multiphase flow phenomena should be especially

interesting in microgravity, and many of the droplet/spray diagnostics developed
over the last decade should be relevant.

RECOMMENDATIONS AND CONCLUSIONS

In the field of microgravity research on combustion phenomena, there arc

several important areas. The following conclusions and recommendations are in

order of priority:

1. Microgravity research in combustion is needed because of fire concerns

on spacecraft and potential lunar and Mars bases. Implicit here is that variable
gravity would be helpful.

2. The needed scientific information concerning the problem of fire involves

the subfields of ignition, flammability limits, smoldering, extinguishment, and
flame spread.

3. Turbulent combustion research is needed because of its importance on
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Earth. Reduced gravity would allow a size scale-up without major buoyancy

effects, permitting scientific access to the small scales of turbulence that are

important to the problem.

4. Laminar premixed and diffusion flames and spray-flow interactions are

important on Earth. Experiments should be performed at reduced gravity to

allow scale-up in size without complications due to buoyancy.

Other recommendations concerning equipment and facilities follow:

• An extended orbiting platform capability is important because some com-

bustion phenomena are long-duration events and may require a survey of a wide

range of parameters. The demonstration of reproducibility is required and adds
to the need for an extended platform.

• The space available on spacecraft for combustion experiments is generally

limited, and many different types of measurements are required. For these reasons,

the development of miniaturized diagnostic equipment should be undertaken.
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Biological Sciences and Biotechnology

INTRODUCTION

Progress in biology research is often a consequence of the investigator's

skill in maintaining experimental control through the use of diverse chemical,

physical, genetic, and immunological techniques. Major advances in molecular

biology and biotechnology are critically dependent on refinements of existing

techniques and the development of new and better ones.

Microgravity research in the biological sciences can help to further these
advances. It can also provide fundamental knowledge important to NASA's

overall goals. To do so, however, a systematic program is needed to identify and

explore those cellular and biomolecular processes, mechanisms, structures, and

assemblies that are affected by transfer to the microgravity environment. For the

several areas of biology and biotechnology, such as cell culture, cell fusion,

electrophoretic separation, and protein crystal growth, in which the effects of

microgravity have becn demonstrated, further research is needed to identify and

explore mechanisms by which gravitational effects are realized. New methods

and techniques to take advantage of the potential of microgravity applications

need to be developed.

JUSTIFICATION FOR MICROGRAVITY RESEARCH

Gravity affects biological systems through its influence on the transfer of

mass and heat, particularly in the area of fluid dynamics and transport, as well as

its less well understood impact on cell structure and function. The basis of

62
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modern research in the biological sciences is the study of molecules, molecular
assemblies, organelles, cells, and cell assemblies in controlled fluid and chemi-

cal environments. The impetus for microgravity research is that it rnay lead to

new knowledge about biological systems, to improvements in current experi-

mental techniques, and to the development of new experimental approaches to
biological problems.

The NASA research program in the biological sciences and biotechnology

has focused on three primary areas of biological interest: (1) separation physics
aimed at providing improved resolution and sensitivity in preparative and bioan-

alytical techniques; (2) cell biology, cell function, and cell-cell interactions; and
f3) physical chemistry of biological macromolecules and their interactions, in-

cluding studies of protein crystal growth directed at supporting crystallographic

structure determinations. Brief discussions of microgravity research in each of
these areas provide an introduction to the work that has been done and to some

of the realized or anticipated scientific and technological benefits.

• Separation physics.I Progress in the biological sciences and biotechnol-

ogy has been limited to some extent by the failure of fluid-based techniques of
current separation and analytical methods to achieve the necessary resolution, a

failure exacerbated by the effects of gravity. Two such effects are density-

dependent thermal convection and sedimentation, both of which perturb process-

es used to separate and purify proteins, fractionate cell components and or-

ganelles, or separate mixtures of naturally or genetically engineered cells.
• Cell biology. 2 Modern research in the biological sciences and biotech-

nology relies on the manipulation of cells of living organisms. In the case of

biotechnology, the purpose of these manipulations may be to produce useful

molecules--both naturally occurring and of artificial origin--in useful quanti-
ties; to develop new organisms or new biological molecules for specific uses; or

to improve yields of plant and animal products through genetic alteration. Re-

combinant techniques, for example, make it possible to produce natural or artifi-
cially mutated versions of proteins exhibiting a wide range of activities and uses,

scientific and medical, in heretofore extraordinary quantities. The techniques
essential to these manipulations are applied in aqueous environments and are

subject to fluid dynamics and transport processes. Gravitational effects may
have important consequences---experimental in the case of scientific research

and financial in the case of biotechnological production. Examples include fer-

mentation processes; compartmental targeting of expressed products within the

cell; and the ultimate purity, structural integrity, and activity of a protein prod-

uct. Particle sedimentation under the influence of gravity, for example, can

interfere with aggregation processes such as those mediating cell-cell interac-
tions, cell fusion, cell agglutination, and cellular interactions with substrates.

• Mole_',lar structure. 3 A full understanding of the functions of biologi-

cal macromolecules, and of the chemical and physical effects that they organize
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and manage to achieve these functions, is not possible without detailed knowl-

edge of their three-dimensional architectures. Nor is it possible to engineer new

proteins, whether for medical uses or as complex biomaterials, without an abil-

ity to relate molecular structure and function. Protein crystallography, current-

ly the principal method for determining the structure of complex biological

molecules, requires relatively large, well-ordered single cr3,stals of useful mor-

phology. Crystals with these qualities may be difficult to produce for a variety

of reasons, some of which may be influenced by gravity, through density-driven

convection and sedimentation. Protein crystal growth experiments conducted

aboard the shuttle have provided persuasive evidence that improvements can, in

fact, be realized for a variety of protein samples.

Another justification for microgravity research concerns the importance of

biological research to technological developments supporting crewed space mis-

sions. A number of ambitious goals for human exploration of the solar system

have been adw)cated. These include a permanently inhabited base on the Moon

and a program of crewed missions to Mars.

Experience from a variety of extended missions in Earlh orbit has shown that

prolonged exposure to microgravity can have profound effects on human physiolo-

gy and that return to terrestrial gravity may require long periods of readjustment and

reconditioning. Research in the life sciences has begun to pinpoint some of the

physiological systems most affected by habituation to reduced-gravity conditions,

but little is known about the effects of microgravity on the underlying cellular

processes. Additional biological science research is required m support of life

sciences and human physiology goals if we are to meet the full range of life-suplx)rt

challenges presented by human space exploration. These challenges range from the

development of methods tbr ameliorating the physiological elTects of microgravity

and the return to terrestrial gravity to the development of technologies for meeting

nutritional, respiratory, and waste disposal needs. This research should explore

microgravity effects on cells and cell processes, particularly those involving human

physiological systems at risk, as well as survey microgravity effects across a wide

range of model systems and organisms.

A final justification for microgravity research in the biological sciences is

the anticipation that new knowledge will be accumulated by the optimized pro-

duction of small amounts of microgravity-derived biomaterials such as purified

proteins or protein crystals. Such precious specimens may induce the research

community to conduct experiments in novel and previously inaccessible areas of

inquiry. Microgravity research may also facilitate otherwise labor-intensive, and

therefore seldom-attempted, efforts on Earth and make precious reagents and

biomaterials accessible to a wider community. It is possible that knowledge

gained in microgravity experiments will permit improvements in terrestrial strat-

egies in such areas as bioseparations and materials processing. It is also possible

that methods and processes may be discovered that are possible only in space.
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FUNDAMENTAl, RESEARCH AREAS

NASA has for some lime nurtured a program of fligh! experiments to delin-

eate specific advantages and limitations of microgravity research with regard to

biological sciences. Experiments were designed to produce results that were

anticipated from model experiments or analyses but could not be tested in terres-

trial laboratories. Because of broad interest in these studies, scientists m a wide

range of disciplines, in both academia and industry, were encouraged to partici-

pate and ,judge the potential benefits of biology and biotechnology research in

microgravity. Typical of innovative science, preliminary experiments in electro-

phoresis, phase partitioning, protein crystal growth, and cell culture yielded un-

expected results. In some cases, additional or unanticipated advantages of a

microgravity environment appeared; in other cases, secondary effects masked in

terrestrial experiments became dominant. Research areas in the biological sci-

ences Ihtll have demonstrated potential benefit from microgravity experimenta-

tion are presented below.

Investigations of Mechanisms of Macromolecular Interactions

at the Subcellular Level

Biotechnology is for the most part applied molecular biology in the sense

that molecular events occurring within the cell, or among groups of cells, are

altered or manipulated in sotne way to achieve a desired end. The methods

involved may be based on recombinant DNA technology+ cell fusion, or a num-

ber of other cellular or subcellular approaches. The objectives may be to pro-

duce altered cell types in culture+ specific immunoglobulins, drugs, commercial

enzymes, proteins, other pharmacological agents, and even whole organisms

having improved properties. In order to apply molecular biology at the cellular

and subcellular level, where microgravity is intended as a probe or a tool, one

must know with some assurance exactly which processes and mechanisms are, in

fact, affected by gravity. At present, no adequate knowledge base exists.

The underlying premise lbr perlbrming biology and biotechnology experiments

in space, and for the development of molecular biology tools based on the absence

of gravity, is that the microgravity environment must have direct effects on cells

and subcellular events. A similar premise underlies research to understand the

short- and Iong-tenn physiological effects of microgravity on humans and to devel-

op methods and procedures to minimize or eliminate any negative impacts of the

effect of microgravity. The following questions must be answered: What are the

effects of microgravity on cells and subcellular events, what are their nmgnitudes,

and what are the consequences? Even if the consequences are insignificant, the

answers are needed in order to understand these systems fully.

A concerted effort should be made to determine convincingly whether nil-

crogravity has an observable effect on the growth, development, and structure of
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living cells. Observations and biochemical assays should be conducted on or-

ganisms exposed for various periods of time to a microgravity environment to

determine if there are any gross changes in character and, if so, to what general

categories of events these effects should be ascribed.

Following a careful cataloging of microgravity effects on cells, studies should

be extended to more complex cell-cell systems and the study of longer-term trends.

These might include, depending on the earlier results, investigations of cell-cell and

cell-matrix interactions and how they are affected by microgravity, as well as the

transport of materials between cells. Mixed cell systems should be examined to

determine if intercellular communication is affected. Other areas for investigation

include the secretory and transport properties of cultured endocrine cells, the devel-

opment of nerve cells, plant cell-wall structural changes, chemotaxis, virus propa-

gation, adhesion processes, and the assembly of organized macromolecular aggre-

gations such as viruses, membranes, and cell organelles.

In the long term, processes such as multigenerational changes, embryogene-

sis, evolution, and complex cell interactions approaching the organism level must

be addressed. This level of sophistication would also i,lclude viral, fungal, and

bacterial infection of cells and the role that microgravity plays in alterations of

these interactions.

Growth of Biological Macromolecular Crystals

Macromolecular crystallography has proved to be a powerful tool for basic

research in biochemistry and molecular biology. As a restilt, it has attracted the

interest and support of the pharmaceutical, chemical, and biotechnology industries,

particularly lot use in structure-based drug design and protein engineering. Crystals

of an appropriate size and quality are a prerequisite for determination of the three-

dimensional structures of proteins and nucleic acids. The major obstacle in the

application of crystallographic methods to proteins and in the application of protein

structure in structure-based drug design is growing suitable crystals.

Initial research in crystal growth under microgravity conditions concentrated

on the preparation of metals, alloys, and electronic materials and the identification

of model systems. Results of these experiments suggested that growth in micro-

gravity might also have beneficial effects on the preparation of protein crystals.

Rationales included the elimination of sedimentation, which might create more

nearly isotropic or unifonn growth conditions and thereby produce improvements

in size and shape, and the elimination of density-driven convection, which might

create conditions closer to diffusion-limited growth and thereby improve crystalline

order and extend x-ray scattering limits to higher resolution. An extensive program

of experiments in protein crystal growth in microgravity has been conducted in

recent years to test these possibilities. This program has been international in scope

and has employed tl variety of orbital vehicles, but the majority of these experi-

ments have been sponsored by NASA and conducted aboard the space shuttle.
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in recent years, successful macromolecular crystallization experiments have
been performed by U.S. investigators using a number of instruments of U.S. and

European design. In early Vapor Diffusion Apparatus (VDA) experiments, crys-

tals of y-interferon, porcine elastase, and isocitrate lyase grew larger, displayed

more uniform morphologies, and yielded diffraction data of higher resolution
than equivalent crystals grown on Earth. 4 Similar results were obtained for

canavalin 5 and positive results continue to accumulate from this apparatus." On

USML-1, experiments in the glovebox, using a modified vapor diffusion tech-

nique, yielded crystals of malic enzyme of substantially enhanced properties. 7,_

In the Cryostat device provided by the German Space Agency DARA, crystals
were obtained by liquid-liquid diffusion of satellite tobacco mosaic virus (STMV)

that were larger and diffracted to a higher resolution than the best obtained in the

laboratory. Data from these crystals allowed structure determinatiou of STMV
at 1.8-,_ resolution, the highest ever achieved for any virus crystal. TM On

IML-I in the Cryostat 12and on IML-2 in the European Space Agency (ESA)

Advanced Protein Crystallization Facility (APCF), which also supports liquid-

liquid diffusion experiments, a number of morphological alterations to crystals
of canavalin and another larger virus, turnip yellow mosaic virus (TYMV), were

clearly demonstrated. A third technique, temperature-induced batch crystalliza-

tion, has recently produced larger, higher-resolution crystals of insulin. 13 A

group of U.S. investigators also carried out protein crystal growth experiments

on the Russian Mir, using a number of different crystallization devices. In

agreement with the results cited above, they reported that experiments on 5 of 21

proteins produced results superior to those obtained on Earth. j4,15 An interesting

aspect of the results seen so far is that when the same protein is crystallized by a

variety of different techniques in microgravity, a range of crystalline samples
may be expected, 1_'pointing up the need for multiple flight experiments and

optimization. These experiments have provided persuasive evidence that growth

in microgravity can produce protein crystals of larger size, better shape, and

higher quality than have been obtained on Earth. They also show that benefits

from microgravity crystal growth can be crucial to success in protein structure
determination. 17'18 (See Figure 5.1 and Plates 5. I and 5.2.)

On the other hand, although protein crystal growth experiments in micro-

gravity have yielded a variety of encouraging and successful results, they have

not shown that protein crystals uniformly display improved properties when

grown in microgravity. A reason for this result might be the mismatch between

protein and technique. Experiments testing a variety of proteins in a particular
apparatus have been illuminating. These experiments could be expanded to

include a broader range of proteins, such as membrane proteins, receptor-ligand

complexes, glycoproteins, and other problematic macromolecules, to understand

better the limits of a given technique and what might be done to overcome them.

It is also important, however, that a broader range of techniques be explored in

repetitive microgravity experiments. More experiments that use liquid-liquid
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FIGURE 5.1 Cryslal of malic enzyme from parasitic nematode Ascaris suum grown m

inleractive glovebox experimenls aboard the United Stales Microgravity Laboratory-I

llighl in 1992. While this crystal (0.20 to 0.25 mm on an edge) is about 20 to 25% of the

volume of good crystals grown on Earth, resolution limits |rom this crystal exceed by

about 0.5/_ the best data ever collected from crystals grown on Earth.

diffusion or batch methods, for example, will provide a better tmderstanding of

the differences among techniques and the results expected to be produced in

microgravity. Another reason that not all protein crystals grown in microgravity

have shown improved properties might be that crystallization conditions have

not been optimized for growth in a microgravity environment. Past results have

shown that, more often than not. optimum conditions lbr growth on Earth are not

optimum for growth in microgravity and that the periods of time required to
allow crystal growth to go to completion are too short for optimal growth in

microgravity. The gtovebox experiments in protein crystal growth on USML-1



g.....

\
PLATE 5.1 Crystals of satellite tobac-

co mosaic virus (STMV) grown in mi

crogra_ ity during the flight of Interna-

tional Microgravity Laboratory 1 in

January 1992. X-ray diffraction mea-

surements demonstrated the diffraction

of the crystals to a resolution greater

than 1.8-,-_ Bragg spacings, significant-

ly improved over those grown in Earth

laboratories.



PLATE 5.2 Droplets of protein solution in the Vapor Diffusion Apparatus iVDA) on

shuttle mission STS-26. Droplets, about 40 _1 in size, are poised on double-barreled

syringes and are fomled by the mixing of protein and precipitant solutions isolated in

separate barrels prior to launch. Droplets equilibrate by vapor diffusion against a reser-

voir of precipitant stabilized in microgravity in a porous high-molecular-weight polyeth-

ylene plug (not shown).
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were the first to offer opportunities for iterative experiments in microgravily
with an experienced specialist to interpret results and design subsequent experi-
ments. The results of these experirnents indicated that iteration can increase tile

production of crystals of high quality in microgravity. 1'_,20

A goal of future experiments should be to provide a better understanding of

the fundamental forces and mechanisms governing protein crystal growth on

Earth and in microgravity. While it may continue to be important to survey the

crystal growth pertormance of a wide variety of proteins and techniques in space,

it is becoming increasingly necessary as well to observe, measure, and manipu-

late crystal growth processes so that we understand what they entail. A system-
atic ew_luation of which macromolecules derive the greatest benefits, and from

which techniques, requires repetitive experiments with a single method to opti-

mize growth parameters for specific proteins, as well as an expansion of experi-
ments to a wider variety of proteins and methods. Analyses of chemical and

physical characteristics of macromolecules that impact their organization into

crystals merit support. Although a diverse mix of macromolecules might be

desirable, even essential, in future crystal growth experiments, a systematic ap-
proach to these experiments is the only means of delineating the domimmt fac-

tors involved in protein crystal growth in microgravity.

Automation and remote control of protein crystal growth will likely be needed

for future microgravity experiments. Automated systems that permit dynamic mon-

itoring and control of key variables such as temperature, protein concentration,

ionic strength, pH, and precipitant concentration will be useful for both ground-

based and space experiments that are directed at better understanding of protein

crystal growth processes. Nevertheless, at least for the near term, NASA may want

to consider support for additional missions such as USML-I in which an experi-
enced observer is in control of iterative protein crystal growth experiments.

In summary, the success of initial experiments suggests that further research

is needed and an expanded program of protein crystal growth experiments de-
serves support. It would be helpful if this research were to locus somewhat more

sharply on gaining a clearer understanding of the physical and chemical phe-

nomena involved in the nucleation and growth of protein crystals, in addition to
developing an expanded range of techniques and methods to secure the benefits

of microgravity growth for a broader range of macromolecular crystals. This

implies increased basic research in protein crystal growth on Earth not only to

expand understanding of the fundamental scientific principles, but also to sup-
port and develop the cadre of scientists needed to design and conduct the funda-

mental crystal growth experiments in microgravity.

Separation and Purification of Biological Macromolecules
and Assemblies

Biological systems typically contain a large variety of proteins and nucleic
acid molecules that have widely differing properties and that are often combined
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in macronTolecular complexes, oligomers, and unique molecular assernblies such

as viruses and ribosomes. Purification of macromolecules, complexes, or even

cells is often a necessary first step to more detailed biological characterization

and biotechnology applications. This is true whether isolation is directly from

natural sources, such as blood sera, or IYom manufactured mixtures, such as

culture media, fermentation products, hybridoma cultures, or synthetic peptide

solutions. Furthermore, to exploit the potential of genetic engineering and engi-

neered cells, it is necessary to purify products from the heterogeneous mixtures

in which they are synthesized. Associated separation and purification challenges

are often major obstacles to advanced biochemical studies and biotechnological

applications.

Analytical separations commonly use eleclrophoresis in water-based gels to

good advantage: gels of this type are generally recognized as providing the high-

est resolution for analytical separations of proteins and analyses of nucleic acid

sequences. Density-driven thermal convection and sedimentation are well-known

phenomena limiting the resolutiou of electrokinetic separations on Earth. and

suppression of these phenomena in microgravity environments might be expect-

ed to eliminate the need for gels and make it possible to achieve the ultimate

resolving power of electrophoretic experiments in free fluids. The results of

electrophoresis experiments carried out in microgravity with well-characterized

molecules and particles have shown that buoyancy-driven phenomena are dimin-

ished, but have revealed new phenomena at work that may affect purification

processes. 21 One of the significant findings has been the role of electrohydrody-

namic effects in electrophoresis, where in certain experiments in microgravity

they appear to significantly disrupt resolution. 22 More fundamental research,

much of it in the fields of fluid dynamics and transport phenomena, is needed if

investigators are to learn how to moderate or eliminate disadvantages due to

electrohydrodynamic effects in microgravity. Further. while it is important to

use microgravity to minimize negative effects caused by gravitational accelera-

tion, it would also be useful to harness the unique features of micmgravity fluid

processes, such as virtually unlimited capillary rise or inlerfacial tension effects,

for the enhancement of separation technology.

Separation processes also depend, in some cases, on subtle differences in the

interactions between a molecule of interest and difl'erent solvents. Investigations

of partitioning in aqueous polymer two-phase systems on recenl shuttle missions

have demonstrated the dependence of separation efficiency on several variables,

including volume fractions of the component phases; container geometry; physi-

cal properties of the component phases, such as interracial tension and relative

phase viscosities; and surface tension interactions between aqueous phases and

container walls. > SonTe of these variables can be minimized; interactions with

container walls, for example, may be reduced by special coatings.

The importance of improvements in resolution in chromatographic and electro-

phoretic separations to progress in the biochemical and biological sciences should
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not be underestimated. For example, biological sciences and biotechnology will be

influenced significantly over the next decade by the mapping of the hunlan ge-

nome--an effort that will require the isolation and purification of DNA fragments

on a scale not encountered previously. For other applications, resolution require-

ments lot protein purification have become increasingly stringent as the role of

impurities in recombinant products has become more evident. A continued pro-

gram of microgravity research in the separatio,1 and purification of biological mac-

romolecules should be supported where it can contribute to improved techniques

and improved results in terrestrial and microgravity environments.

Cell Culture, Growth, and Differentiation

The culture and manipulation of living cells, particularly the more fragile

mammalian and plant cells, can be scientifically and technologically rewarding,

but it can also be technically challenging. Some of these cell types, which

naturally occur as part of specialized tissues and organs, are dependent for their

survival and proper function on the environment provided by, other cells and

tissues. While the unique functions of differentiated cells make them especially

valuable for research or for the generation of specific products, such cells, as a

direct consequence of their interdependence, frequently exhibit sensitivity to

shear, have complex metabolic requirements, and lose cell functions when cul-

tured m artificial environments. Such sensitivities can complicate the utilization

of these cells to generate desired products or responses. The culture of cells in

microgravity offers a number of potential benefits: sedimentation and density-

driven convection are virtually absent, and changes in physical and chemical

properties of the fluids constituting and nourishing the culture media can be

exploited to benefit the culture system. The resulting environment may, there-

fore, be relatively quiescent and free of the steep velocity gradients in fluids and

the sedimentation effects characteristic of ground-based cell culture systems.

Improvement of the culture of shear-sensitive mammalian and plant cells would

permit the manipulation of cells in ways that are difficult or impossible to ac-

complish on Earth. Such effects could be particularly important in processes

that are dependent on cellular interactions, such as cell fusion or the assembly of

three-dimensional multicellular systems.

Prototype culture systems have been developed that are compatible with

microgravity operations and that simulate some of the fluid effects found in

microgravity. Mammalian cell cultures have been used to test the feasibility and

potential for extended microgravity research. Preliminary results indicate that

culture devices developed with NASA support provide a low fluid shear envi-

romnent with minimal sedimentation. 24 Delicate mamnmlian cells have been

cultured to very high densities in these instruments, and unique associations of

cells into tissue-like aggregates have been observed. Limitations on the devel-

opment of multicellular structures due to gravitationally induced disturbances
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have also been observed. Microgravity will enable maintenance of a culture

environment that supplies minimum shear and maximum freedom for three-di-
mensional cellular association.

Cell Fusion and Membrane Assembly

The fusion of cells to produce viable hybrids--a low-frequency event with
current terrestrial technologiesIis another area that could benefit from the mi-

crogravity environment. Fused cells are used for genetic studies where natural
crosses are impossible or impractical. Fusion is the key step to monoclonal

antibody production. Cell fusion requires the interaction of two different cell

types and the annealing of the cell membranes to yield one hybrid cell. The

fusion of cell membranes is usually accomplished by treatment with electric

current or chemicals, either or both of which may be harmful to the cell. The

cells to be fused are usually of different densities, so sedimentation tends to

separate the cells during the fusion process and leads to aborted fusion or cell

death. Microgravity could reduce the tendency of the cells to separate due to
sedimentation and density differences. This might permit a reduction in the

intensity and duration of the high-frequency aligning field in the case of electro-
fusion and, possibly, in the concentrations of fusing agcnts used for chemically

induced cell fusion. Similar considerations may be operative in the synthesis of

liposomes and the deposition of biomembranes.

Further studies concerning the influence of a microgravity environment on

cell fusion are needed. Results from sounding rocket and spacelab experi-

ments 25,2_'suggested that studies should be extended to typical mammalian fu-

sion partners. The effects of such factors as cell viability, growth phase, compo-

sition of growth medium, and shear environment on the fusion process should be
evaluated. Other technologies should be investigated in both ground-based stud-

ies and microgravity to determine whether improvements are observed in micro-

gravity similar to those observed with electrofusion techniques. Basic research

utilizing model artificial membranes and related biopolymer analogues may pro-
vide a better understanding of the processes and mechanisms at work in the

fusion of natural cell membranes and could possibly lead to the development of

more durable artificial membranes. A thorough characterization of the factors

influencing fusion cfficiency will improve Earth-based fusion technologies and

will benefit the development of microgravity-based cell fusion activities.

EXPERIMENTAL REQUIREMENTS

Research areas in the biological sciences with e×pected sensitivity to the

gravitational environment involve processes that typically take hours, days, or
even weeks. The minimum duration of microgravity required for these experi-
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ments is, thus, greater than that available from drop towers, parabolic airplane
flights, or suborbital rockets, if experiments in the biological sciences are to be

conducted in microgravity, they must be carried out aboard the shuttle, the space
station, or other orbiters such as free-flyers.

Little is known about the limits below which accelerations, or frequencies
and durations of accelerations, must be maintained so that the biological effects

of microgravity are not obscured. It must be true, of course, that if the overall

acceleration environment of the experimental system is kept to a fraction of the
stochastic acceleration environment of its molecular components, then interfer-

ence with studies of biological effects of microgravity is avoided. In the case of

the shuttle, it is known that the background acceleration environment in orbit,

the so-called _,,-jitter, can reach levels that interfere with biological experiments.
Acceleration environments will vary from vehicle to vehicle and acceleration

limits will vary from experiment to experiment, so that the best match of exper-
iment to vehicle will have to be judged on a case-by-case basis. It may also be

that acceleration environments that are a constant fraction of unit gravity may be
helpful to studies in some areas of the biological sciences. It is important,

however, that acceleration environments be monitored, not only so that experi-
ments can be interpreted properly but also so that realistic acceleration scenarios
can be included in the experimental design.

RECOMMENDATIONS AND CONCLUSIONS

In support of"the biological and biotechnical research areas described above,
priority should be given in the order listed to the following research activities:

1. More research should be devoted to quantifying the role of gravity in
protein crystal growth processes and to identifying those mechanisms affected
by gravity.

2. Further experimentation is needed in both terrestrial and microgravity
environments to develop new methods and materials that take advantage of mi-
crogravity for biochemical separations.

3. The potential advantages of the microgravity environment for the study
of cellular interactions, cell fusion, and multicellular assembly processes should

be explored to identify candidate cell systems that show maximum benefit from
culture in a microgravity environment.

4. Cellular and biomolecular processes, structures, assemblies, and mecha-

nisms that might be affected by gravity should be systematically assayed to
explore the effects of microgravity on these systems. The objective should be a

comprehensive database of cell types and their experiences in microgravity envi-
ronments.

The first two topics have some demonstrated successes and the greater like-
lihood of future successes. The other two topics are exploratory.
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Materials Science and Processing

This chapter discusses the areas of microgravity research generally identi-
fied as materials science. As organized in this report, they include metals and

alloys, organic materials and polymers, the growth of inorganic single crystals,

the growth of epitaxial layers on single-crystal substrates, and ceramics and

glasses.

METALS AND ALLOYS

BA('KGROUND AND INTRODUCTION

One of the major desires of modern materials scientists and physical metal-

lurgists is to understand the formation, structure, and properties of materials
from the atomic and molecular levels (0.1 to I nm) up through the mesoscopic

level (0.1 to 100 _tm). Many physical properties of materials are influenced

directly by this microstructure (i.e., the morphology, size scale, spatial distribu-
tion, interface characteristics, and composition of different phases or structures

that are present within a material). The relationship between the microstructure

of a material and its physical properties and the manipulation of various process-

ing parameters to obtain a given microstructure constitute key elements in the

modern study of materials.
Metallurgy has evolved over the millennia ['rom a purely empirical art to a

modem branch of materials science, with considerable progress being made in

understanding some of the simpler metallurgical systems and processes from first

7_
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principles. A key to this progress has been the improved ability to control the

solidification process, an important scientific feat that has come about through an

improved understanding of the interrelationships between heat and mass transport
phenomena occurring in the melt and the kinetics of the solidification interface.

Most metals and alloys are solidified from a fluid state. Since it is often

desirable to mix two or more components to obtain alloys or composites with

improved physical properties, the solidification process becomes complicated by
the fact that different atoms do not generally enter the solid in the same proportion
as they occur in the melt. This chemical segregation produces local variations in

composition in the melt that, in turn, change the temperature at which various

fractions of the solid will form. The situation described here is complicated further

by the presence of convective and advective liquid flows that also modify the local

composition and temperature of the melt. The microgravity environment, by reduc-
ing these gravity-driven phenomena, clearly oilers new opportunities to metallur-

gists to develop and enhance control of materials processing.

The microgravity environment provided by an orbiting spacecraft offers new
opportunities in control of the solidification process. Reduction of convective

velocities permits, in some cases, more precise control of the temperature and

composition of the melt. Body force effects such as sedimentation, hydrostatic

pressure, and deformation are similarly reduced. Weak noncontacting forces
derived from acoustic, electromagnetic, or electrostatic fields can be used to

position specimens while they are being processed, thus avoiding contamination
of reactive melts with their containers.

To accomplish the objectives discussed above, it is necessary to conduct a

series of carefully chosen, well-conceived experiments that clearly delineate the

advantages and limitations of microgravity research. These experiments should

be designed to produce new results that could not have been obtained by terres-
trial experiments.

FUNDAMENTAL RESEARCH AREASmMETALS AND ALLOYS

Nucleation and Metastable States

In order for a material to transform to a more ordered phase (vapor to solid
or liquid to solid), it is first necessary to form an aggregate or cluster of mole-

cules above a critical size to initiate the process. Such an aggregate may (by
heterogeneous nucleation) form on a foreign surface, such as a container wall or

a freely floating mote, or it may form spontaneously (by homogeneous nucle-

ation) from random internal thermodynamic fluctuations. Homogeneous nucle-

ation can occur only it" the melt is cooled far below its normal freezing tempera-
ture without solidifying. Heterogeneous nucleation almost always occurs first,

provided there are impurities that can act as nucleation sites. Understanding and
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controlling phase nucleation are extremely important for control of the overall

solidification process.
For example, if a fine-grained casting is desired, one would try to produce a

very large number of crystal nuclei and, ideally, distribute them randomly

throughout the melt. Gravity-driven convection plays an important role in this

process, as was demonstrated in a series of early experiments at reduced gravity

using Space Processing Applications Rockets (SPARs) and at increased gravity

using a centrifuge. This research is an example of how microgravity experi-

ments may be used to elucidate the essential features of a solidification process
and to suggest better control strategies for use on Earth--in this case, by en-

hancing convection or mechanically stirring the melt to distribute the crystal

nuclei.
It is often desirable to suppress, or even avoid nucleation entirely, in order

to be able to supercool a melt to a temperature well below its normal thermody-

namic freezing point. Solidification of deeply undercooled metallic melts is

usually initiated by a single nucleation site, and freezing tends to be rapid. These

melts generally produce a refined dendritic microstructure, often exhibiting en-
hanced mechanical properties. If the solidification is rapid enough, the solute
atoms will not have sufficient time to arrive at positions of lowest energy (i.e.,

near their equilibrium configurations); metastable crystalline or even amorphous

phases can thus be produced. A metastable phase can have a crystalline struc-
ture different from that of the equilibrium phase, which can greatly alter some of

the material's physical properties in technologically significant ways. Perhaps

the best-known metallurgical example of a metastablc crystalline phase is steel,

which is hardened by formation of the metastable phase martensite. Martensite

is a nonequilibrium tetragonal phase containing carbon and iron that forms upon

rapidly quenching austenite, which is a cubic, equilibrium phase consisting of
carbon dissolved in the face-centered cubic form of iron.

An amorphous phase may be thought of as a liquid-like structure, frozen in

place, that lacks long-range crystalline order. Ordinary soda-lime silica glass is
a classic example of an amorphous engineering solid. Amorphous materials

tend to be highly resistant to chemical attack because there are no crystalline

grain boundaries on which most chemical reactions occur. Similarly, glassy
amorphous structures can be achieved in some metallic alloys by rapid solidifi-

cation. One example is Metglas®--a product developed by Allied Signal Corpo-
ration that consists mainly of iron, silicon, and boron. The absence of grain

structure makes it extremely easy to magnetize and demagnetize Metglas @ with

little magnetic hysteresis loss, thus making this matcrial useful in transformer
cores, where it provides greater efficiency than the conventional, crystalline iron-

silicon material. By contrast, a new rapidly solidified iron-boron-neodymium

alloy, developed recently by General Motors Corporation, is an extremely good
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permanent magnet, with high coercivity, because its fine grain structure tends to

"pin" the magnetic domains and prevent demagnetization. These examples dem-
onstrate how crucially the physical properties and performance of a material
depend on its microstructure.

The ability to melt, supercool, and subsequently solidify alloys without a

supporting container or crucible removes a major source of impurities and het-

erogeneous nucleation sites, thus permitting very large undercoolings to be

achieved. On Earth this can be accomplished for small metallic samples by

levitating them on a gas-film or in an electromagnetic field and then releasing

the molten droplets into a long, vertical, evacuated tube and allowing them to
solidify during free-fall.

These techniques have been used extensively over many years but have

severe limitations. It is not possible, for example, to control the heating and
levitating force imlependently in an electromagnetic Ievitator. Use of a quench
gas to cool the sample often promotes surface nucleation. There is also some

evidence that flows in the melt driven by the induced alternating currents may
stimulate nucleation and limit the amount of undercooling. These difficulties

can be overcome in a drop tube, but it is not yet possible to observe the falling
droplet closely enough as it cools in order to make accurate temperature mea-

surements. Also, the sample volume and the amount of undercooling are limited

by the time available ['or the fall (typically a few seconds). In reduced gravity,
the sample may be positioned by a much lower induced current or may even be

allowed to float freely. This significantly decouples the heating field from the

levitation field and greatly reduces the amount of stirring in the melt. The

temperature may then be measured optically during cooling and the solidifica-
tion process, and thermophysical properties such as specific heat, heat of fusion,

and thermal diffusivity can be determined calorimetrically.

Initial microgravity experiments on metals and alloys should focus on iden-

tifying factors that limit the degree of undercooling, such as the amount of super-
heat required to dissolve or destroy potential nucleation sites in a melt, the use of

so-called fluxing agents to remove impurities and prevent oxidation, and the

effects of stirring and melt shear on promoting heterogeneous nucleation. Once

techniques for obtaining large undercoolings have been determined for an alloy,

the emphasis of subsequent experiments might be on forming metastable and

amorphous phases from deeply undercooled melts and determining their proper-

ties. [t may even be possible to perform critical supercooling experiments to

evaluate various theories of nucleation that have never been verified experimen-
tally. Convenient methods for obtaining extremely low partial pressures of reac-

tive gases, such as oxygen, must also be developed since oxides and other reac-

tion products will form rapidly on molten samples and, in some systems, act as
effective nucleation sites.
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Prediction and Control of Microstructure

Microstructure can be manipulated to a significant degree by controlling the

rate at which solidification takes place and the temperature distribution in the

region of the crystal-melt interface. This is often accomplished by the process of
directional solidification, in which heat is extracted unidirectionally either by

placing the bottom of the crucible containing the molten specimen on a chill-

block (gradient freeze method) or by slowly lowering the crucible through a

temperature gradient (Bridgman method).* If the temperature everywhere in the
melt is above the local freezing (liquidus) temperature, a smooth, almost feature-

less, solidification front will result. This is desirable for growing single crystals

or for producing aligned composites. However, in virtually all alloys, the atoms
are incorporated into the solid phase in proportions different from the melt. This

leads to a region ahead of the freezing interface in which the solute concentration

is altered from its mean composition. Within this thin region or boundary layer,

the equilibrium freezing point in the melt can be lower than the freezing point of

the original alloy. If the temperature gradient in the melt is not steep enough,

which is generally the case in a slowly frozen casting, a situation known as

"constitutional supercooling" will arise, in which the melt ahead of the interface

is below its equilibrium freezing temperature. At the onset of constitutional

supercooling, the initially smooth interface becomes unstable and forms a series
of protuberances or cells. At higher degrees of constitutional supercooling, the

interface breaks down completely as these cells and bumps elongate and develop
side branches to form tree-like structures called dendrites. When this happens,

partial solidification proceeds over a substantial distance ahead of the totally
frozen material. The region between the advancing solid and dendrite tip is

called the "mushy" zone because it is composed of a fine, micrometer-length

scale mixture of liquid and solid. The heat and mass transfer processes that take

place in this two-phase "mushy" zone determine the microstructure of the solid.

Although these processes are understood qualitatively, the detailed quantita-
tive descriptions required to control the microstructure remain poorly under-

stood. A great deal of theoretical work has been devoted to obtaining accurate

descriptions of dendrite growth rate, shape, and primary and secondary arm spac-
ing-all as functions of the solidification and materials parameters. 1 Generally

such fundamental theories ignore the important effects of convection in order to
remain tractable. Convective flows are usually unaw)idable in Earth gravity

because of the lateral density gradients that must exist as a result of the solute

rejection described above. In fact, short-duration, low-gravity experiments car-

ried out on sounding rockets and in aircraft flying parabolic (low-gravity) trajec-
tories have shown evidence that both the primary and secondary arm spacings

change as the force of gravity is altered. 2 Therefore, it was considered scientifi-

*For a discussion ol both methods, see section below, Orow|h of Im_rganic Single Crystals.
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cally important to test the first-order fundamental theories that ignore convection

in a microgravity environment before adding modifications to correct for con-
vective effects that are encountered in terrestrial processes. Such a critical tcst,

known as the Isothermal Dendritic Growth Experiment (IDGE), was carried out

recently aboard the United States Microgravity (USMP-2) mission launched
March 3, 1994. Preliminary results obtained from the IDGE show that the ter-

restrial dendritic growth data used previously to test diffusion-based theories

were, in fact, heavily corrupted by buoyancy-induced convection. As a result,

these fundamental theories, each one purportedly providing the basis of dynami-
cal pattern selection, now remain in question. 3

The discussion, thus tar, applies only to alloy systems that have one solid

phase, (i.e., to solid solutions in which the atoms in the solid are completely
miscible or to dilute alloys in which the minor constituent does not exceed lhe

limit of solid solubility). Most alloy systems of practical interest, however,

display only partial miscibility in the solid state, a situation that produces a more

complicated behavior involving polyphase reactions. An important class of ma-

terials exhibiting this behavior is the eutectics in which a melt consisting of a
homogeneous solution of the two components solidifies to form a solid with

segregated regions of quite different compositions. A good example of this type
of behavior occurs in cast iron, whose melt consists of a solution of iron and

carbon. On freezing, flakes or nodules of almost pure graphite form in a crystal-
line matrix of nearly pure iron. The morphology or form of these graphite

particles largely determines the mechanical properties of the material. Despite

many years of intensive research, all the kinetic and thermodynamic factors that
determine the graphite morphology are still not understood.

By carefully controlling the direction in which heat is extracted (directional

solidification), interesting, controlled, two-phase microstructures can be produced

in a variety of eutectic systems. In some systems, it is possible to grow thin rods

of one composition and crystal structure that are embedded in a matrix of yet
another composition and crystal structure, with both aligned along the direction

of heat flow. In other systems the resulting structure comprises a series of

alternating thin slabs, or lamellae, of the two compositions. These structures are

termed "in situ composites" and often exhibit highly anisotropic properties be-
cause of the aligned microstructure. For example, some turbine blades manufac-

tured by directional solidification for high-performance jet engines exhibit this
aligned structure and show improved strength and creep resistance, in another

example, the theoretical magnetic coercivity in a manganese-bismuth eutectic

alloy was approached by using directional solidification to match the eutectic

rod diameter to the size of a single elongated magnetic domain.

The classical theory of eutectic spacing selection assumes only diffusive
species transport, because convective effects were thought to be unimportant on

the length scales involved. However, in a series of microgravity experiments for

the manganese-bismuth eutectic, it was found that the rod diameter and spacing
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were considerably smaller than predicted from this theory. Interestingly enough,

ground control experiments, which had convective flows, yielded results that

agreed well with the classical theory. 4 Growth in strong magnetic fields, on the

other hand, which suppress convective flows, produced results similar to those

from the spaceflight experiments, clearly indicating that convective effects are in

fact important in the process. European experimenters on Spacelab-I and D-I

have found similar results with other eutectic systems, agreement with the classi-

cal theory in other systems, and even larger spacings than predicted by classical

theory in yet other systems. Obviously, there is still much to be learned about
the science of eutectic solidification.

Another effect that is important in the evolution of the microstructure of an

alloy is the phenomenon of ripening or coarsening, it can be shown from ther-

modynamics that the melting point of a solid particle is reduced slightly by the

curvature of its surface (Gibbs-Thomson effect). This effect comes about be-

cause of the interfacial energy change associated with the motion of the curved

surface during melting or freezing. A planar surface (zero curvature) would not

experience a changc in energy on melting or freezing. Given a distribution of

solid particles with varying curvatures in a melt, the larger particles will grow at

the expense of smaller particles as the system tends to lower its free energy by

reducing its total surface area. This effect, known as Ostwald ripening or phase
coarsening, is important in a large class of dispersion-hardened alloys in which

fine particles are either added to or caused to precipitate from the melt during
solidification. Since the strengthening effect of the dispersed particles diminish-

es as the particle size increases, the process of coarsening must be understood

and controlled. Similarly, in castings and weldments, dendrite arms coarsen by

the same process, which again affects the final microstruclure and properties.

The classical theory of Ostwald ripening was developed in 1961. An ap-

proximate solution was obtained that is valid in the limit of zero volume fraction

of solid particles. In metallurgical applications, however, the dispersed phase

makes up a significant fraction of the system. Also. it appears that neighboring

particles interact strongly with one another, an effect that is not accounted for in

the approximation used in the classical theory. A number of attempts have been
made recently to modify the classical theory, but so far none of these theories

can predict experimentally observed phenomena. This might be due to the tact
that none of the theories considers convective transport of the continuous liquid

phase (because the fluid channel sizes are small); yet it might be an important

factor, as well as an additional complication.

Well-defined microgravity experiments are needed to confirm the quantitative

aspects of the underlying physics in the theory of Ostwald ripening under the condi-

tions of pure diffusive transport. Such experiments need to be performed before the

effects of convection and fluid motions can be incorporated into the theory.



MATERIALS SCIENCE ANI) PROCESSING _3

Phase Separating Systems and Interfaciai Phenomena

Another class of polyphase materials that is of interest to microgravity

research involves monotectic systems, which are characterized by a composi-

tional region of liquid-phase immiscibility. At any given temperature (below

the critical temperature) a range of compositions is always encountered for

which the melt will separate into two immiscible liquids. Since the two liquids

are of different composition, they will invariably have different mass densities.

In Earth gravity the two liquid phases will stratify before they can be frozen,

resulting in a highly chemically segregated solid. It was reasoned that this

buoyancy-driven sedimentation could be avoided by solidifying such systems

in microgravity. When actually performed, such experiments have been only

partially successful in producing the expected fine dispersions uniformly dis-

tributed throughout the final solid. 5 These experiments indicate that effects

other than gravity-induced buoyancy become important in the solidification of

monotectic systems. An extensive series of ground-based experiments, using

systems that have similarly configured (monotectic) phase diagrams, and which

in some instances can be made neutrally buoyant, has uncovered a rich variety

of interracial energy-driven effects (such as critical wetting). These monotectic

alloys exhibit a variety of interesting microstructures, which have been scientif-

ically classified through the help of microgravity research. ('

A clear example of the dominating influence of inteffacial energy effects

occurs in monotectic alloy systems below the critical temperature. Over a tem-

perature range below the critical temperature, one of the liquids always exhibits

perfect (or critical) wetting behavior, so that one fluid phase essentially encapsu-

lates the other and, even more curiously, the wetting phase will perfectly coat

any container or surface that it contacts. If final freezing occurs within the

temperature range of critical wetting, then massive phase separation will be pro-

duced in the microstructure. Alternatively, if the temperature for the monotectic

reaction, which produces a solid- and liquid-phase pair from a different liquid

composition, falls below the critical range, then useful (dispersed) microstruc-

ture control is possible. A continuous, well-aligned two-phase structure with

uniform spacing between phases can often be achieved in a directional growth

process. 7.s In the latter case, melt flows driven by the temperature and composi-

tion dependence of surface energy can become dominant. The minority liquid

phase can form droplets that will migrate in a thermal gradient (thermophoresis)

as well as in a composition gradient. Larger droplets move faster than smaller

ones, so that the smaller ones will be overtaken and agglomerated with the big-

ger ones. Again, massive phase separation will result. In fact, depending on the

alloy system, thermal gradients as small as 1 K/cm in low gravity can have the

same motive effect as Earth gravity in causing massive segregation.

A second case of dominating interfi_cial factors occurs in containerless pro

cessing, where the extent of wetting between the solid(s) forming from a melt
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controls the degree of undercooling and the resulting microstructures. Brazing,

soldering, and welding operations represent additional technologically important

processes that are influenced greatly by interracial phenomena. Here both wet-

ting and surface tension-driven flows can be primary influences in achieving or

not achieving success.
It is clear that interfacial phenomena are common to numerous metals process-

ing strategies. Although limited studies of interfacial effects are always possible on
Earth using density-matched immiscible systems, density matching per se under the

influence of terrestrial gravity can be accomplished only at a single temperature.

Thus, the microgravity environment provides a unique opportunity to study and

quantify a range of interracial phenomena in order to suggest better materials pro-

cessing strategies on Earth and under microgravity conditions.

Heat and Mass Transport

The freezing temperature of any alloy is dependent on composition, and a

freezing solid tends to accept one component of a melt more readily than the

other components; thus, the first-to-freeze solid will always have a composition

different from that of the remaining solid. The rejected component sets up a

compositional gradient in the melt at the solidification interface. With gravity

present, any lateral density gradient resulting from composition or thermal gradi-

ents will produce prompt convective stirring. Convective mixing of the enriched

solute rejected from a growing crystal-melt interface with the bulk melt causes a

spatially varying composition (i.e., segregation) to occur throughout the solidi-

fied specimen. This phenomenon is called macrosegregation. When the mixing
rate varies in time, the temporal variation results in a solid with a profile that

might exhibit bands of composition that vary along its length.
Macrosegregation can be controlled to some extent by extracting heat unidi-

rectionally from the bottom of the specimen to minimize lateral thermal and

solutal gradients. However, if the rejected component of the melt at the interface
is less dense than the bulk melt, a phenomenon known as a double-diffusive

convection can develop. Channels or plumes of the lighter melt will rise from

the interface, resulting in solidified regions with a grossly different composition

(known as "freckles").

Macrosegregation also plays a significant role in the formation of in situ

composites with aligned microstructure. Even with a well-controlled directional

solidification process such as the Bridgman method, lateral thermal gradients

occur that will produce some convective stirring. Thermosolutal convection

occurs in Earth gravity if the rejected component is less dense than the bulk melt.

Strong magnetic fields can slow these convective flows but cannot eliminate

them. Thus, magnetic fields are generally of limited effectiveness for control-

ling macrosegregation. Microgravity offers the opportunity to produce unique
microstructures in a variety of systems (e.g., off-eutectic compositions, mono-
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tectics, and peritectics) that tend to phase-separate in normal gravity, as well as

in solid solutions that are subject to double-diffusive convection. Liquid-phase

sintering of dense tungsten particles with lighter molten transition alloys (typi-

cally Fe-Ni) is a good example of an important terrestrial process that would be

assisted if performed in a microgravity environment.
Experiments in microgravity are being flown by NASA to test theories of

solidification, seeking a more basic understanding of the way in which micro-

structures are formed. Since the solidification process involves the transport of

heat and mass and a moving phase boundary, one way to test the theories is to

encode them as a mathematical model and then compare the predicted thermal

and solute fields with those observed experimentally. This allows evaluation of

competing theories using the same experimental data.
Most of the mathematical models that have been developed thus far consid-

er only steady accelerations. Additional modeling development efforts are clear-
ly needed to account for transient, random, and oscillatory accelerations (col-

lectively termed "g-jitter") and their effects on heat and mass transport. The

ability to design and interpret scientific experiments in the microgravity pro-

gram is often predicated on the available knowledge of the relevant solute and

temperature fields. Mathematical and numerical models are an indispensable

tool to augment experimental measurements for this purpose. There are two

distinct ways to use the mathematical models that describe the physical trans-

port processes of interest: (1) to design and then theoretically interpret scientif-
ic experiments performed in microgravity, and (2) to obtain values for certain

thermophysical properties, which are difficult to measure terrestrially, by using

microgravity experiments, and then employ these data to improve model-based

predictions of terrestrial processes used in industry. In order to improve the

chances of a successful flight experiment and take maximum advantage of the

relatively few flight opportunities that will be available over the next decade,

candidate experiments must be carefully modeled mathematically for both ter-

restrial and microgravity conditions. Even for a six-order-of-magnitude reduc-

tion in gravity, significant flows can still result if the residual gravity vector is
perpendicular to a large density gradient. This can easily occur in a directional

solidification experiment unless care is taken to ensure that the residual acceler-

ation environment is controlled and that the experiment is configured to mini-

mize its effects, for example, by application of a strong magnetic field.

Thermophysical Properties

Another serious deficiency in our ability to model solidification processes is

a paucity of accurate thermophysical property data for many alloys in the molten

state. This is a problem not only for scientists modeling microgravity experi-

ments, but also for many industrial researchers who are using the computational
methods made possible by supercomputers to model the solidification of corn-
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plex castings. The lack of high-temperature thermophysical data is due in part to

the extreme difficulty of making accurate measurements on melts under terrestri-

al gravity. Recent European experiments on Spacelab-I and D-1 have shown

that diffusion coefficients for a variety of molten alloys measured in space differ

considerably from the accepted values obtained on Earth. This situation is be-
lieved to occur either because of wall effects (such measurements are often made

in capillary tubes) or because of uncompensated convective transport, which is
virtually impossible to avoid in a terrestrial setting. Also, the effect of thermo-

diffusion (Soret-Dufour effect) was found in space experiments to be as much as

an order of magnitude larger than previously estimated. No accurate measure-

ments had been made of this effect for solidification processes conducted on

Earth. This effect, which causes a mixture of atoms to become separated in a

thermal gradient according to their atomic mass, now appears to play a more
important role in mass transport in many terrestrial processes than had been
realized heretofore.

The following are some thermophysical properties, 'j only a few of which can

be advantageously measured in microgravity, that are of interest in the develop-

ment of reliable models for metals processing:

• Emissivity, electrical conductivity, and optical properties;

• Calorimetry including specific heats and heats of mixing, formation, and
transformations;

• Transport coefficients including thermal conductivity, viscosity, and dif-
fusion constants;

• Density data;

• Thermodynamic moduli, including thermal expansion coefficients and

compressibility;

• Vapor pressures and activity coefficients;

• Surface tension and interracial energies; and

• Equations of state.

FUTURE SCIENTIFIC DIRECTIONS--METALS AND ALLOYS

As indicated in the previous section, a number of important scientific prob-

lems in metallurgy are being addressed by experiments currently sponsored by

NASA's microgravity science and applications program, ltowever, other impor-

tant areas can be identified that are just beginning to be developed. These areas

include powder metal processing, electrolytic processes, joining, ultrapurifica-
tion, ultrahigh-vacuum processing, nanomaterials, and cuprate superconductors.

Powder metallurgy represents an important technology for processing many
dense refractory metals or materials that tend to phase-separate when melted in

unit gravity. Indeed, some of the gravity-related problems discussed previously

can be avoided by standard powder processing: for example, by compacting a
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mixture of the components in the form of a fine powder and heating it just below

the melting point for some time (sintering). Theoretical density can often be

achieved by applying high pressure (hot isostatic pressing) or by raising the

temperature so that one of the components melts (liquid-phase sintering).

Since the powder metal process is designed ab initio to minimize the effects

of gravity, one would not expect to see any large differences between Earth- and

space-processed samples. Rapid particle growth during liquid-phase sintering is

an anomalous processing effect that might arise from sedimentation-induced con-

vection or from some unidentified interfacial phenomenon that promotes coales-
cence. Well-designed microgravity experiments should provide some valuable

insight as to the sensitivity of such powder processes to these effects.

Little has been reported in the United States concerning electrodeposition,

electropolishing, or corrosion in reduced gravity. Convection obviously plays an

important role in such processes because of the compositional changes in the

electrolyte in the vicinity of the electrodes. A recent German experiment report-

ed the formation of amorphous nickel in a high-current-density, short-duration

experiment on a sounding rocket, whereas the ground control experiment yielded
crystalline nickel under the same conditions (except for the presence of gravity).

It would be useful to compare the morphologies of various electrodeposits under

different convective conditions. In the virtual absence of convection, it might be

possible to produce highly ramified, fragile, dendritic structures with extremely

large surface areas that could be useful as catalyst substrates. An understanding

of how reduced convection causes this to happen may permit development of
new terrestrial processes.

Except for a few early experiments on Skylab, low-gravity experiments in

welding, brazing, or soldering have not been undertaken by U.S. investigators.

The early metal joining experiments showed not only that welding and brazing

were certainly feasible in microgravity but also that significantly different mi-

crostructures were formed in the low-gravity welds. The altered microstructurc

has never been satisfactorily explained. The joining of metals in space also
represents a technology that should be developed to support the construction and

repair of the large orbital structures necessary for continued human presence in

space.

RECOMMENDATIONS AND CONCLUSIONS

Carefully designed and scientifically well-conceived experiments on metals

and alloys are needed to produce high-quality data and materials derived from

microgravity research. Such experiments are not useful unless they produce

results that cannot be obtained in terrestrial studies. Topics in the metals and

alloys area that might benefit from a focused effort in microgravity research
tk_llow in rank-order:
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1. Nucleation kinetics and the achievement of metastable phase states, such

as metallic glasses and nanostructures, are areas of scientific interest that would

benefit from achieving deep supercooling in the microgravity environment by
elimination of container surfaces and from reduction of melt flows due to buoy-

ancy-driven convection.
2. Microgravity experiments on Ostwald ripening and phase coarsening ki-

netics would add quantitative, fundamental information on the key metallurgical

issues of interfacial dynamics during thermal and solutal transport and on the

question of microstructure evolution in general.

3. Observations of aligned microstructures processed reproducibly under

quiescent microgravity conditions should help to provide well-defined thermal

processing limits to polyphase directional solidification of eutectics and mono-

tectics, which comprise wide classes of technologically important alloys and

composites.
4. Studies of the formation of solidification cells and dendrites under well-

defined microgravity conditions can add to our expanding knowledge of com-

plex metallurgical pattern formation and, more generally, of the fundamental

physics of nonlinear dynamics. Such studies, to be successful, require the most

demanding control of conditions such as temperature, thermal gradients, growth

speed, and alloy composition. Microgravity conditions can be useful in these

instances for the pursuit of sophisticated tests of theory and the quantification of

metallurgical pattern dynamics.

5. Some thermophysical properties can be measured advantageously in mi-

crogravity. Accurate data on these properties, frequently essential tbr the model-
ing of metallurgical processes and materials responses, are often not available
from standard terrestrial measurements.

POLYMERS

BACKGROUND

Polymeric materials processing remains a relatively understudied discipline

within the Microgravity Science and Applications Division (MSAD) of NASA.

Part of the reason for this is that most engineering polymers are too viscous for

either buoyancy-driven convection or gravity-driven particle motions to be im-

portant or play a role within the limited time scale allowed by most ordinary

processing events. However, a wide range of lower-molecular-weight polymers

exist that are responsive to the gravitational environment.

Latex suspensions, for example, can exhibit shear viscosity values about the
same as those for water and, consequently, may be used as polymerizing organic

systems for the study of gravitationally mediated transport phenomena, includ-

ing molecular diffusional processes. Thus, more careful consideration reveals a
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rationale for studying organic systems in the low-gravity environment that is not

dissimilar to the reasons supporting scientific uses of microgravity research for
other materials (e.g., inorganic crystal and protein crystal growth). For these

reasons, the microgravity environment may, ultimately, also be useful in ad-

dressing certain fundamental issues of interest to the organic and polymer areas

of the materials science community. Polymeric materials have a number of

special properties that may be of interest as subjects of fundamental microgravi-

ty study. For example, polymers and many organic molecular melts tend to have

strong molecular orientational and conformational constraints and, consequent-

ly, supercool strongly before crystallizing from a solution or melt. Thus, the

resulting morphology and texture of some polymeric solids are responsive to
gravitationally driven shear flows in the melt during solidification and to the heat

and mass transfer processes occurring as a result of these flows. Additionally,

polymerizations may be affected by gravity in at least two other significant

ways: (1) the termination of radical polymerization requires the contact of two

radical-containing polymer chain ends; gravity-driven convection provides an

efficient method of terminating them. A consequence is that one could expect

that polymer molecules grown to termination in microgravity might have longer

average chain lengths and higher molecular weights. (2) During copolymeriza-

tions, convection flows reduce the thickness of the boundary layer of preferen-
tially rejected monomers from near the chain ends, so copolymers reacted ill

reduced gravity tend to produce materials that have greater unifonnity in their

distributions of average molecular weights and chain lengths, l°

Finally, in recent years there has been growing interest in the field of nonlin-

ear optical (NLO) materials. Important applications such as optical switching,
optical communications, and optical computing all require devices containing

NLO materials that possess large nonlinear optical responses. At present, how-

ever, NASA has had only limited involvement in developing and supporting

research in this field. This is most likely due to the paucity of prior research

emphasizing space-based studies on NLO materials. Indeed, there now appear

to be two major areas recognized in which NLO research advances could be of

direct importance to NASA. One is in optical communications, where novel

NLO devices can be used in laser communications satellites deployed in space.
The second is in microgravity research, where microgravity might lead to im-

proved NLO materials and processing and, ultimately, to devices with superior

optical properties. This would be especially useful if it led to improved process-

ing on Earth.

EARLY STUDIES AND THEIR CURRENT RELEVANCE

Closely controlled polymerizations carried out in a solid polymer/liquid mono-

mer matrix often are affected adversely by particle collisions that occur in response

to gravitationally driven sedimentation and stirring. For example, stirring, applied
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during ground-based polymerizations, is often needed to maintain the dispersion

stability of suspensions that sediment under the action of gravity. Agitation from

stirring, however, causes particle-particle collisions that result in uncontrolled floc-

culation and agglomeration. It was recognized quite early in the development of

microgravity flight programs that reduction in the gravity force could be used to

widen the parameter range of emulsion stability tot latexes and other polymerizing

systems; such studies were remarkably successful. Specifically, it has been shown,

through both ground-based and orbital flight experiments, that large populations of
nearly monodisperse, latex microspheres (in the 20- to 30-JJm size range) could be

formed by low-gravity processing of various polymer solutions. II The size distri-

butions of the microspheres grown in microgravity were sufficiently monodisperse

and well characterized to justify their initial use as practical laboratory length scale

calibration standards for electron microscopy and x-ray diffraction analysis. These

early space-grown latex microspheres also proved useful as test markers for mea-

suring the efficacy of separation techniques such as electrophoresis and electroos-
mosis. 12 Although originally conceived as a fundamental investigation of the kinet-

ics of microsphere formation in microgravity, these early polymer experiments were

redirected by MSAD to be more applied in their nature. One area of potential

application for highly monodisperse microsphere technology may be in the produc-

tion of monodisperse spherical dye lasers in the 100-1am size range. To improve

further upon the degree of monodispersity, sphericity, and size range achieved in

the early low-gravity microsphere studies, however, significantly increased under-

standing of the physics of emulsion polymerization may be required.

Polymer thin films prepared with fewer defects and more uniform thickness

also provide superior optical devices. Such improved films have been prepared
by electrochemical polymerization in microgravity. Elimination of solutal con-

vection under electrochemical deposition conditions in low gravity was ob-

served I-+-t4using a laser shadowgraph/schlieren technique to observe the concen-

tration gradients in electrodeposition experiments on a KC-135 aircraft in

parabolic flight. Shadowgraphs showed the absence of solutal "plumes" at the

electrode surface in low gravity. The feasibility of using electrochemical tech-

niques to assist and stimulate polymerization to prepare NLO polymer thin films

for use in devices was demonstrated 15with prepared films of polythiophene and

a homologous series of thiophene-based polymers that had NLO conversion effi-

ciencies among the largest ever observed for polymers and comparable to the
optical perfommnce obtained for the polydiacetylenes.16

Recent research 172o indicates that better-quality thin films for use in NLO

devices might be obtained by closed-cell physical vapor transport (PVT) in

microgravity. In the PVT process, the source material is sublimed in an inert

gas or dynamic vacuum and allowed to convert or diffuse down a thermal

gradient and condense at a crystal or thin film growth interface. The advantage

of thin film growth in microgravity is that it provides the opportunity to elimi-

nate buoyancy-driven convection and approximate diffusion-limited growth.
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Physical Vapor Transport of Organic Systems (PVTOS) experiments in which

copper phthalocyanine was epitaxially deposited onto highly oriented seed films

of metal-free phthalocyanine in low Earth orbit on space shuttle mission STS-

51 were recently reported. 2h22 The microgravity-grown copper phthalocyanine

fihns had several desirable features indicating that the growth of metal-organic

films in low gravity might result in higher-quality fihns for NLO applications.

For example, results of analysis by photography, interference contrast micros-

copy, scanning ellipsometry, and visible reflection spectroscopy all suggest that

the space-grown films were more uniform and homogeneous than Earth-grown

counterparts. Also, as much as an order-of-magnitude improvement in achiev-

ing smoother surfaces resulted from the low-gravity PVT of these films over

scales of roughness from the submillimeter to the submicron. 23 Finally, analy-

ses involving the use of external reflection-absorption infrared spectroscopy,

grazing incidence x-ray diffraction, and visible near-infrared reflection-absorp-

tion spectroscopy all indicate that microgravity-grown films are more perfectly

textured and, curiously, consist predominantly of polycrystalline domains of a

previously unknown polymorphic form of copper phthalocyanine. 24

RECOMMENDED STUDIES

Polymeric and organic materials show promise tk_r NLO applications be-

cause they offer some flexibility in optical, chemical, and mechanical proper-

ties. 25 One particularly interesting class of efficient NLO compounds is the

polydiacetylenes, which include crystalline and polymeric compounds, e6 These

materials also provide the advantage that they can be formed readily as thin

films, which is a useful starting configuration for device fabrication. The optical

quality of a polydiacetylene film depends critically on the quality and orientation

of the monomer layer from which it is obtained. Like the phthalocyanines, the

polydiacetylenes are highly conjugated organic compounds with large nonlinear

optical responses, benefiting in still not understood ways from microgravity dep-

osition by physical vapor transport.

Solution crystal growth experiments have been performed repeatedly in mi-

crogravity, particularly in the protein crystal growth program. Many organic

materials, including some with NLO potential, are also amenable to crystal

growth from solutions, and some of these offer advantages as subjects of kinetic

and dynamic studies of solution growth properties. Ground-based studies of the

growth of crystals of a number of important organic materials, including i,-argin-

ine phosphate and some of the diacetylenes, have been undertaken to assess the

effects of gravity-driven convection flows, supersaturation, and temperature on

growth kinetics. Given some of the apparent benefits of microgravity in the

growth of some protein single crystals, selected examples of important organic

materials should also be considered candidates for microgravity studies.

In contrast to im_rq, anic materials, organics and polymers are nearly infinite
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in variety and number. This makes the selection and preparation of specific

materials for study both difficult and time consuming, unless there are specific

goals and effective methods for accurate screening. In the case of optical perfor-

mance, several theoretical methods promise to provide strong predictive tools

for appraising the potential of organic materials. To approach the predicted
theoretical limits established by these calculations, the materials must be defect

free. The use of molecular mechanics may also yield theoretical guidance con-

cerning the preferred orientation of molecules within a given film, crystal, or
composite, which in turn provides for estimations of second- and third-order

nonlinear optical coefficients for such materials. A ground-based research pro-

gram to screen tbr such properties may enhance the selection of candidates for

NLO materials and the identification of those with the greatest potential for

microgravity studies, and greatly reduce the work required to synthesize, pro-

cess, and test NLO materials both on Earth and in microgravity.

Recently, NASA/MSAD has approved funding for several new basic polymer
science-related projects, including three studies dealing with diffusion effects oc-

curring in monomer droplets dispersed in nonsolvent fluids. Specifically, traveling
wave front polymerization will be investigated under circumstances where autoca-

talysis leads to rapid polymerization. Emulsification of monomer droplets during
dispersion and suspension polymerization will be studied in microgravity to avoid

the difficulties caused by buoyancy-induced coalescence. Also, light scattering and

optical interference will be used to monitor bulk copolymerization reactions in

which diffusional growth of the polymer chains will be followed under microgravi-

ty conditions. Finally, some anomalous viscosity phenomena arising in supersatu-
rated (i.e., metastable) melts will be investigated through a study of precritical

fluctuations and "clustering," which occurs both in nonideal solutions and in some

complex molecular melts prior to nucleation and growth.

RECOMMENDATIONS AND CONCLUSIONS

Polymers potentially represent the broadest classes of "engineered" materi-

als, permitting great innovation and precision in their design, including control at

the molecular level. Nevertheless, although opportunities exist for microgravity

research, relatively little is being done in NASA's current microgravity research

program.

• Although the viscous character of most high polymer melts greatly de-

sensitizes their response to gravitational acceleration, initial experiments in some

areas of vapor- and solution-phase processing of organic and polymer films in
microgravity have shown improved texture and smoothness over terrestrial coun-

terparts, which suggests that this area of research merits further study.
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GROWTH OF INORGANIC SINGLE CRYSTALS

INTRODUCTION AND GOALS

Although studies of both metals and alloys, and ceramics, may involve crys-
talline materials, the objective in their preparation is generally not to prepare

individual single crystals. There are a few materials, however, that as single

crystals are of enormous technological importance. Pervasive examples are crys-

tals of silicon and of quartz. The former is the most important semiconductor

material, and the latter is the major material used for crystal oscillators. In

addition, there are several other important semiconductor materials. A variety of

single crystals are used for electrooptics, an important technology in solid-state
lasers, modulators, and detectors for energetic particles and electromagnetic ra-

diation.

Reasonable goals for studying the growth of inorganic single crystals under

microgravity conditions are to contribute to an understanding of the fundamental

processes that take place during crystal growth, to provide benchmark crystals of

higher quality than can be obtained terrestrially, and/or to provide useful experi-
mental data that cannot be obtained (or obtained as accurately) in terrestrial

studies.

Currently, and in the foreseeable future, the most important single-crystal
material is silicon (Si). It is used for most solid-state electronics for circuitry

that ranges from a myriad of small microprocessors to the processing compo-

nents of the largest supercomputers. It is the best-studied semiconductor and
quite possibly the best-studied inorganic material there is. Among semiconduc-

tor materials, those composed of elements from groups III and V of the periodic

table are second in importance. These compounds are isoelectronic to silicon,

but different enough that their distinctive properties allow them to serve very

important niches in photonics and in ultrahigh-speed circuitry. Except for a

relatively large market for field-effect transistor circuits fabricated on bulk-grown

GaAs, group III-V electronic devices are usually fabricated from complex "het-

erostructures" composed of very thin layers of crystalline group III-V solid solu-

tions and binary compounds grown epitaxially onto a single-crystal wafer of a

binary group III-V compound. The latter is most often GaAs or InP.
Substrate quality or availability is not limiting progress at present in the

leading-edge technologies, although most crystal growth is based more on em-

pirical experimentation than on a firm scientific understanding of the entire pro-

cess. Applications to photonics and high-speed applications are expected to

expand in the next decade as fiber optics moves closer to the end consumer and

as cellular and other wireless communications technologies become more perva-

sive and move to higher frequencies. Infrared transmission property improve-

ments are expected in group II-VI compounds (e.g., HgCdTe), which may pro-

vide advances in Department of Defense and NASA detector applications.
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SUMMARY OF TERRESTRIAL GROWTH OF

INORGANIC SINGLE CRYSTAI.S

The commercial growth of single-crystal boules (particularly of semicon-

ductors, and frequently of laser crystals) is conducted primarily by three meth-

ods: pulling the growing crystal from the melt (the Czochralski method); the

floating zone method: and in the case of compound semiconductors, Bridgman

and gradient freeze techniques. For other types of materials, there are a number

of methods, including solution growth and, particularly for some oxides, hydro-

thermal growth (usually at high temperature and pressuret.

The Czochralski method consists essentially of dipping a rotating seed crys-
tal into a large container of molten starting material, molten silicon in the case of

silicon crystals or, for the growth of compound semiconductors, a nearly stoichi-

ometric mixture of the components. With the temperature of the seed very close

to the melting point and the proper temperature gradients, slow pulling of the

seed from the melt results in controlled precipitation on the seed and growth of
the single crystal. Although the growing crystal is not in contact with the cruci-

ble wall, the melt is, and contamination (e.g., the introduction of oxygen into
silicon from silica crucible walls) may limit purity.

In the floating zone method, a small section of a cylindrical boule is melted,

usually by induction heating, and the molten region is moved parallel to the axis

of the cylinder so that the crystal is regrown as the molten region passes through

it. This inherently containerIess method, useful for the preparation of silicon
with exceptionally low oxygen concentration, requires that surface tension coun-

teract the tendency of the molten zone to flow under gravity. For this reason the

molten zone is usually a thin slice whose maximum thickness depends on the
diameter of the boule. Floating zone growth under microgravity conditions is

not subject to gravity-induced flow, and so large stable molten regions will be
limited only by surface tension forces.

The Bridgman and gradient freeze methods involve the imposition of" tem-

perature and concentration gradients on a solution containing the components for

growth. The solution is saturated only near the growth front. This method

(which is employed in both vertical and horizontal growth variations) is used

extensively for group III-V and lI-VI compounds and is well exemplified by
GaAs growth, where the solution is mostly liquid gallium. Arsenic is introduced

into the solution as the crystal grows onto the seed by maintaining a partial
pressure of As 4 (arsenic tetramer molecules) with an external source of heated

solid arsenic. As the crystal grows, the overall temperature is lowered so that the

growth front moves in the direction of higher temperature in the temperature

gradient. Under terrestrial conditions, the growing crystal is in contact with the
crucible wall.
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THE INFLUENCE OF GRAVITY

In these growth methods and variations thereof, temperature and/or concen-

tration gradients in the liquid are imposed to promote growth. There are several

ways in which crystalline defects and unwanted impurities, or impurity distribu-

tions, can occur in the bulk crystal. Some of these have been addressed m

microgravity growth studies. 27 -_

• Defects can form in the crystal after growth. In this case, defect lorma-

lion is not gravity dependent except for crystals with very weak bonding (soft

materials) where flow-induced faults originating in hydrostatic forces occur.

Semiconductors, laser crystals, and most crystals used for electrooptics are hard

materials, not subject to the latter. However, occasionally, as with Hgl 2 (used

tk)r detectors), gravity-induced stress is thought to lead to defects, perhaps imme-

diately alter growth, when the crystal is still hot. For this reason, growth (from

the vapor) of Hgl 2 crystals in orbiting vehicles is being pursued.

• Defects can form as the result of disturbances in the interfacial region

and from convection in the melt during growth. In this case, constitutional

supercooling in the melt near the interface may be modified by gravity because

the associated concentration gradients will involve buoyancy convection. In

addition, the conditions at the growing interface are complicated by release of

the heat of fusion and by differential diffusion of components near the growth

front. All of these result in thermal and density gradients, and thus also involve

buoyancy convection at the growing interface and in the bulk of the liquid.

Since crystal growth occurs by mass transfer in the region where all of these

processes occur, it is strongly affected by gravity unless countermeasures are

taken. Convection may also be the result of variation of surface tension with

temperature and composition at the fluid-fluid interlace such as the free surface

of melts (thermocapillary effect). Convection resulting from the thermocapillary

effect is independent of gravity, except in that it may be masked by buoyancy

convection.

• Defects can lk)rm, and unwanted impurities can be incorporated, as a

result of the interaction of the crystal or the melt with the container during and

after growth. Especially deleterious are crystalline defects formed as a result of

the crystal's sticking to the container and as a result of different expansion coef-

ficients between the crystal and the container material. Gravity is not a factor.

However, inasmuch as containers could, in some cases, be eliminated under

microgravity conditions, this source of impurities and defects could also be elim-

inated.

• Crystalline defects can result from condensed impurity particles that cir-

culate in the melt and have multiple interactions with the growing intedklce. In

addition, there are "striations," attributable to abrupt variations in impurity con-

centration, that result from convection causing slight temperature oscillation at

the growing surface. The effects of particulates may be expected to be reduced
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for crystals grown under microgravity conditions if the circulation is reduced by
eliminating or reducing convective flow. The elimination of convection also can

eliminate impurity striations. However, it should be noted that only convection
due to buoyancy is potentially eliminated by reducing gravity.

• Buoyancy convection inhibits detailed study of the diffusion of impurities

and major components under concentration and temperature gradients (Soret effect)

and of thermal diffusion in conventional terrestrial studies. This will be a problem

of increasing importance as computational methods for bulk crystal growth im-

prove and as the quality of the available transport data becomes more critical.

SPACE- AND GROUND-BASED STUDIES

The Czochralski method is inherently unsuited to microgravity studies be-

cause its geometry is obviously maintained by the gravitational field. More

practical for that purpose are the Bridgman, float zone, and "droplet" methods

(described below), it has been demonstrated in some studies of Bridgman and

float-zoned inSb 3n in uncrewed satellites that in microgravity, buoyancy convec-

tion can be eliminated under conditions where there is apparently no thermocap-

illary convection. Under such a condition of diffusion-controlled growth, the

radial impurity distribution is at least partially determined by the interface shape.

Indeed, radial impurity grading can be increased or decreased, depending on the

nonplanarity of the interface. In the float zone case, there is an oscillatory mode
of thermocapillary convection that is independent of gravity and causes growth

striations. However, some microgravity 32 and terrestrial _ studies with silicon

growth have shown that thermocapillary convection can be reduced or eliminat-

ed by the use of liquid surface coatings. Bridgman crystals did not show such

striations but had extensive defects due to strain caused by unpredictable contact
with the container walls.

Complete elimination of the container has been accomplished under micro-

gravity conditions with "droplet" experiments where a large molten region at the
end of a solidified region is crystallized. 34 This situation would be useful for the

study of very pure, low-defect crystals. Indeed, some studies in orbiting vehicles

showed that the detect density could be markedly lower than for similar terrestri-

al growth. During the recent USML- I flight, crystals of ZnCdTe were grown 35

by a modified Bridgman technique in which much of the crystal surface was kept

away from the container wall. Etch pit densities on cross sections of the grown

crystal were less than lO00/cm 2, one to two orders of magnitude better than

crystals grown terrestrially. Partial defects at the surface not in contact with the

container walls were apparently absent, and there was evidence that the reduc-

tion in stress due to relaxation of hydrostatic pressure under the microgravity

conditions was partially responsible i_br the improved material quality. Such

studies provide an existence proof of the possibility of generating improved

materials and suggest the possibility of generating fundamental information on
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bulk inorganic crystal growth. These and other studies have demonstrated that

the microgravity environment is indeed unique and that the effects of convection

may, in some cases, be removed. Growth then results only from mass transfer

by diffusion. It should be noted that it is well established -_6,37that to accomplish

the goal of suppression of convection in typical semiconductor melts, the steady-

state acceleration and g-jitter must be very small. Depending on the acceleration

vector, a platform that is stable well below the 10--6-g range may be required.

The technologically important semiconductors GaAs, lnP, and HgCdTe

present serious difficulties for studies in orbiting vehicles because of their high

melting points and the requirements for maintaining adequate component par-

tial pressure. Presumably this is the reason that much of the microgravity
semiconductor growth in the U.S. program has been with more tractable materi-
als such as InSb and germanium. However, the Scientific Industrial Associa-

tion "Nauchny Tsentr" of the Electronic Industry Ministry of the former Soviet

Union developed a variety of crystal growth systems for use in orbiting vehicles

and exhibited large group III-V, II-VI, and IV-VI boules that were grown in

Soviet space vehicles. 3_ Although extravagant claims about low cost and high

quality were made in the context of a commercial presentation, little supporting
evidence was presented at the conference. 39 Nevertheless, scientists in the

former Soviet Union may have a significant body of experience in the growth of
semiconductor crystals. Efforts should be made to obtain a detailed under-

standing of those experiments, that is, the experimental conditions under which

they were grown, and of the resulting crystals. If possible, samples should be

obtained and subjected to the diagnostic techniques normally used for terrestri-
ally grown samples.

Tile terrestrial production of high-quality semiconductor crystals on a com-

mercial scale is now done by the pulling, float zone, or Bridgman method with

apparatus that permits precise temperature control over very large volumes. One
area in which considerations of microgravity may have impinged on commercial

practice is in the use of magnetic fields to reduce convection. Since the liquid
from which a semiconductor is grown is metallic, convection can be reduced by

imposition of a magnetic field during growth of the crystal. This partial simula-

tion of reduced gravity has been used for the growth of GaAs, 4° CdTe, 41

Hg_Cd I ,Te, 42 and some silicon, as described below. Hurle 43 has pointed out

that since the Lorentz force is proportional to fluid flow velocity, magnetic fields
will not be effective in completely damping convection, so in the limit of virtual-

ly zero convection, microgravity studies may become necessary. He suggests
that magnetic damping might be useful even in space, to reduce the deleterious
effects of g-jitter.

All commercially important semiconductor crystals, except possibly for

Hg,Cd I Te and CdTe, may now be considered commodity items. Silicon boules

are now routinely grown defect free, with diameters as large as 20 cm and a

length of 1 meter. Both GaAs 44 and InP are available commercially with a
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diameter of 7.5 cm. Wafers sliced from all of these materials are used as the host

material for large-scale production of mass memories and as substrates for epi-

taxial growth. For the latter, given sufficiently high quality in the substrate, the

quality of devices and circuits that result depends primarily on epitaxy and sub-

sequent processing. In the case of silicon, the presence of oxygen as an impurity

is very often required to "getter" other unwanted impurities from the epitaxially

grown material. In that case, the oxygen in the substrate must be uniformly
distributed. Magnetic suppression of convection using a carefully shaped mag-
netic field is used both to distribute the oxygen uniformly and to help reduce its

concentration to acceptable levels. The commercial use of magnetic fields for

suppressing or managing convection in both group IlI-V and silicon growth is

apparently at least partially the result of NASA-supported terrestrial studies.

Clearly, high substrate quality is a prerequisite for almost any use of semicon-

ductor wafers, and any reduction in defect density will have commercial impact.
However, it is doubtful whether defects in the substrate are severely limiting

commercial applications at present.

It is important to emphasize that as with the introduction of magnetic fields
described above, there is ongoing ground-based research--some of it supported

by NASA--that contributes to the understanding of bulk growth and impinges

on the field of microgravity crystal growth. The following are three illustrative

instances pertinent to microgravity studies: (I) A study 45 has demonstrated an

experimental approach that permits adjustment of temperature gradients in a

modified Bridgman method, which yields both steady-state diffusion-controlled

growth and axially uniform impurity distribution. The method, which uses a

submerged heater, should also largely suppress thermocapillary convection. So
far it has been used only for the growth of bismuth, but extension to other

materials is obvious. (2) Studies, "_6with conventional Czochralski growth, of a

variety of group III-V solid solutions have shown that by the use of slow growth
and large melt volumes, uniform and low-defect boules of these materials can be

obtained. (3) A modeling study 47 has shown that for the growth of HgCdTe the

principal influences on defect density result from interface shape, thermal gradi-
ents, heat extraction, and cooling rate. Note that of these, only the interface

shape is modified by gravity.
Virtually all crystal growth experiments that have been conducted in orbiting

vehicles have been "one-shot" experiments. It seems unlikely that a continuation of

this kind of approach will be prc_luctive of much useful basic information. Terres-

trial crystal growth studies are rarely singular events. Indeed, they usually involve

many repetitions with, in the optimum instances, rapid feedback of information on

the properties of the grown crystal dictating the choice of new growth parameters

and even dictating the modification of the growth apparatus. For some studies,

parameter variation during growth, under the control of a trained observer, is neces-

sary. Except for elimination of the therrnocapillary effect by the use of liquid
coatings under some conditions, much of what has been learned so lhr in micro-

gravity studies was predictable. The reduction of strain-induced defects with the
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elimination of containers was unsurprising and certainly not basic. The use of

magnetic fields to suppress convection in the liquid-metal melts used in semicon-
ductor growth also did not require low-gravity studies. However, this work illus-

trates the continuing usefulness of NASA-supported ground-based studies that seek
to reduce convection. These have been, and will continue to be, important. Obvi-

ously, such studies are attempting to approximate microgravity effects and thus

avoid the necessity of going into space.

RECOMMENDATIONS AND CONCLUSIONS

Studies aimed at obtaining better crystals constitute much of the micrograv-

its' work done so far. They do not appear to have contributed significantly to the
fundamental understanding of crystal growth or to terrestrial commercial prac-

tice. The growth, in space, of low-detect, high-purity crystals by variations of
the droplet method, zone melting, the use of partially confined melts, 4s or vapor

transport might provide a limited amount of material for terrestrial study of

especially high-quality materials to serve as standards. One instance is a "sot't"
(a crystal that flows under l-g hydrostatic pressure) material such as HgI 2. How-
ever, for hard materials, particularly semiconductors, there does not seem to be a

compelling justification for producing such standards.

• The design and execution of microgravity experiments that lead to a
better fundamental understanding of crystal growth have proved elusive, and the

committee is recommending against the growth of large-diameter inorganic crys-

tals under low gravity. The best approach to understanding the details of such

growth will likely derive from fluid dynamical modeling and the modeling of

processes at the fluid-solid interface along with terrestrial studies of crystal

growth. This analytical approach may provide the rationale for the growth of

benchmark-quality inorganic crystals in microgravity.
• If some of the versatility of terrestrial experimentation can be achieved in

the microgravity environment, there are opportunities for microgravity research

that will impact terrestrial bulk crystal growth. Priority should be given to trans-

port studies including studies of solute and self-diffusion, heat diffusion, and
Sorer diffusion. All of these are studies of the fluid from which crystals are

grown. They are amenable to routine study with repeatedly used apparatus.
However, they may require a more stable environment than provided by the

space laboratory. Indeed, since such research will undoubtedly be sensitive to
the acceleration environment, it may also be useful for the study of this environ-

ment as a variable in the low-gravity range. Any experiments on bulk crystal

growth must be judged on their potential for contributions to the scientific under-

standing of the fundamental processes of crystal growth.
• Precise transport data will become particularly useful since fluid dynamical

computational capabilities (for which the data are required) are improving rapidly
for terrestrial melt and solution growth, as well as other industrial processes. Fur-
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thermore, transport measurements in industrially important fluids may be an impor-

tant microgravity application outside the realm of inorganic crystal growth.

GROWTH OF EPITAXIAL LAYERS ON

SINGLE-CRYSTAL SUBSTRATES

EPITAXIAL GROWTH METHODS

The growth of epitaxial layers of semiconductors on single-crystal wafers,
and the controlled incorporation of impurities into those layers, constitute a ma-

jor thrust of semiconductor crystal growth research at present. These epitaxy
methods fall into three primary groups:

• Liquid phase epitaxy (LPE). This method has been used for epitaxy of

compound semiconductors and is still used extensively for the growth of layers
of garnet. In LPE, the layer precipitates on the substrate from a solution saturat-

ed according to the requirements of the phase diagram of the liquid-solid system.

For semiconductors, LPE is rapidly decreasing in commercial importance as
vapor epitaxy and beam epitaxy methods take over.

• Chemical vapor deposition (CDV) methods. For silicon, CVD involves

transport of the silicon as a gaseous halide that decomposes on the substrate
surface at elevated temperature. The chloride transport methods for silicon and

the group II[-V compounds are usually carried out at atmospheric pressure. For

silicon epitaxy the process is well controlled and is the standard way that high-
quality layers are obtained. For group III-V compounds, these methods have
produced high-quality growth compounds that do not contain aluminum. How-

ever, the relatively high temperature of the process (about 700°C) limits the
ability to incorporate impurities at the high concentrations needed for some de-

vices and limits interface abruptness. This is a technology that is well in hand
for silicon and is in somewhat decreasing use for group Ill-V heterostructures.

• Metalloorganic chemical vapor deposition (MOCVD) and molecular beam

epita.ty (MBE) methods. These epitaxy methods are of increasing importance for

growth of heterostructures of group III-V compounds and appear to be the methods
that will predominate in group III-V epitaxy over the next decade. The MOCVD

methods are best exemplified for the growth of group III-V binary and solid solu-

tion layers. In this case, the method involves passing a gas stream containing AsH 3
and/or PH 3 plus group III alkyl organics, such as triethylgallium, over a heated

group III-V binary substrate in a cold-wall growth system. This is done at either

atmospheric or reduced pressure, but always in the viscous flow regime. The start-

ing compounds undergo decomposition reactions both in the boundary layer adja-

cent to the growing surface and on that surface itself, with resultant epitaxy of a thin

single-crystal layer. In MBE, beams of the elements or the same metalloorganic
compounds used for MOCVD are projected against the heated substrate under vac-
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uum conditions where all flow is molecular. In that case, all reactions occur on the

growing surface.

RECOMMENDATIONS AND CONCLUSIONS

The issues that are currently of most importance in the exploitation of these

techniques are growth quality, uniform thickness, compositional uniformity, and

problems relating to homogeneous dopant incorporation. The latter include un-

intentional doping, doping uniformity, redistribution, and achievable doping
range. In addition, a major challenge that is beginning to be addressed is the

development of selective area epitaxy methods for group III-V compounds.

With MOCVD methods, there are certainly issues of convection, flow, buoy-

ancy, and boundary layer uniformity, all of which are affected by gravity. Ex-

perimentally, an effort is made to minimize these effects by rotating substratcs

during growth. In addition, efforts are being made to calculate precise flow
patterns and resulting growth rates in model systems. 49 The calculations are

complex, and they might not be able to predict the behaviors of real systems that

are useful for industrial production. Since the manufacture of heterostructures

by MOCVD will be accomplished terrestrially, the impact of research in micro-

gravity is limited. Further, given the complexity of the calculations for that

situation, it is not clear that there is relevant information to be obtained through
microgravity research.

• Low priority should be given to CVD studies at this time.

As for the MBE methods, microgravity is clearly not an issue. Surface

reactions and transport by molecular flow over distances measured in hundreds

of millimeters do not involve gravity. However, some workers believe that the

use of space as an infinite vacuum makes space epitaxy studies interesting. This

might be true if the use of space for manufacture of large areas of epitaxial

wafers is economically feasible, which seems very doubtful. Alternatively, a

space-based study suitably isolated from contamination (e.g., behind a wake
shield) might yield information about epitaxy under conditions of minimal back-

ground contamination. For such a study, only small samples would be needed.

Here, we must recognize that contamination arises both from the sources and

from the vacuum systems in conventional beam epitaxy systems. The former

would be present in space studies too. The committee concludes from studies of

ultrapure high-mobility GaAs grown by MBE 5° that, with sufficient contamina-

tion reduction and increased pumping speed, any required great gains in purity
can be made with terrestrial studies.

• The committee discards the idea that epitaxial layers will be manufac-

tured in space and notes that, at a reasonable cost, much improvement in the

vacuum environment can be achieved terrestrially. Studies in orbiting vehicles
are not in order until ground-based alternatives have been thoroughly examined.
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CERAMICS AND GLASSES

INTRODUCTION

Ill a broad sense, a ceramic is any man-made, inorganic, nonmetallic, solid

material. A glass is a solid that lacks crystalline order. Traditionally, ceramics

have been considered to be polycrystalline, although most ceramists today would

not accept that restriction. Also traditional is the idea that high temperatures are

required for the synthesis or processing of ceramics and glasses. That limitation

also is no longer valid, as evidenced by such new materials as aerogels and tin

fluorophosphate glasses that are synthesized at room temperature or at a few

hundred degrees above ambient temperature.

Ceramics are predominantly ionically bonded compounds found in complex

crystal structures that are strong, stiff, lightweight, hard, and corrosion resistant
and that maintain their properties to high temperatures. Ceramics also are brittle,

which makes them susceptible to catastrophic failure under mechanical load.

The useful strength of a ceramic is determined by the flaw population; stresses

are concentrated at flaws, which cause cracks to propagate to failure. The criti-

cal property for ceramics in load-bearing applications is not strength but fracture

toughness, the resistance of the ceramic to crack propagation. Much of current

ceramic processing research is directed at increasing the fracture toughness, ei-

ther through elimination of flaws or by making the ceramic less sensitive to the

flaw population (increasing the critical flaw size or increasing the fracture ener-

gy).
Raw materials for ceramic and glass manufacture traditionally are earthy,

oxide materials that are mined in high volume at low cost and are subjected to

relatively little processing. The products made from them are commodity items

such as bricks, tile, and glass windows. Modern technical or engineering ceram-

ics are higher-value-added materials that have superior properties by virtue of

their more sophisticated processing and tighter control over raw materials. It is

to this latter class of materials that the microgravity environment has the greatest
relevance.

CURRENT ISSUES IN CERAMICS RESEARCH

As discussed in several publications, 51-53 the greatest needs and opportuni-

ties in ceramics lie in the areas of synthesis and processing Specific recommen-

dations for increased emphasis include:

• Interactive research on new materials synthesis that is linked with char-

acterization and analysis of the product:

• Basic research on synthetic solid-state inorganic chemistry to produce

new compounds:
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• Synthesis of ultrapure materials, for example, fibers with low oxygen or

carbon impurity levels:

• Research on techniques for synthesis to net-shape, that is, learning how

to do synthesis, processing, and forming in a single step:

• Research on methods tk)r processing ceramic materials far lmm equilibri-
um: and

• Research on processing of artificially structured or, as they are some-

times called, functionally gradient materials.

Whether the availability of a free-fall environment is relevant to these re-

search areas is an unanswered question.

MICROGRAVITY AS A VARIABLE IN
CERAMICS SYNTHESIS AND PROCESSING

Evaluating the applicability of the microgravity environment to opportuni-

ties and problems in ceramics R&D requires a good definition of that environ-

ment. Two aspects of this enviromnent seem relevant to ceramics: (I) the

possibility of levitating a specimen for high-temperature containerless process-

ing and (2) the suppression of buoyancy-driven convection. In both cases, the

applicability is to gas- or liquid-phase phenomena. Thus, for applications of

microgravity to ceramics, one should look to where liquid or gas phases are

important. Some areas of liquid- and gas-phase processing of ceramics are dis-
cussed below.

Melt Synthesis

Ceramics are very seldom made directly by melt processing, mainly because

their melting temperatures are very high (tot those that do not decompose first),

the melts react severely with available crucible materials, and undesirable micro-

structures are obtained on cooling. Thus, ceramics typically are made by sinter-

ing of powders. Those ceramic powders are produced by a variety of techniques.

including upgrading of mined deposits, solid-state reactions, solid-liquid reac-

tions, and gas-phase reactions. For some powder compositions, such as high-

purity AI20._ or SiC, sintering and densification are entirely by solid-state pro-
cesses. For other ceramics, a second-phase liquid may be present in sintering

(up to 15% by volume). The unanswered question is what difference micrograv-

ity might make for ceramic melts.

Availability of a general method for contamination-free synthesis using

containerless melting would be of value for producing research specimens of

new high-temperature materials. Lack of promising new techniques is probably

one of the main reasons that melt synthesis of ceramics or inorganic compounds

is no longer a very active research area. Ceramic superconductors, such as

YBa?Cu30 ,, have been proposed for levitation melting to minimize crucible
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contamination. 54 However, here the problem is not reaction with the container

but that YBa2Cu30 ` melts incongruently and on cooling does not give the stoi-

chiometric compound--a problem not addressed by levitation, Many of the

benefits of microgravity containerless melting are available on Earth using skull

or cold-wall melting. The relative merits of space-based containerless melting

and terrestrial cold-wall melting have not been assessed for ceramic synthesis.

Vaporization is frequently a problem in ceramic and glass synthesis and pro-

cessing. For example, Si3N 4 vaporizes incongruently at temperatures below

those required for significant solid-state diffusion. Thus, Si3N 4 ceramics are
made with additives that lower the sintering temperature (to 1700-1800°C) by

producing small amounts of liquid phases.

Most commercial glasses are made from high-ternperature melts. Reaction

with crucible materials is always a concern for glass melting, but it is usually

dealt with case by case. Glasses crystallize by a nucleation and growth mecha-

nism. In some cases the crystallization is desired, as with glass-ceramics. For

glasses, however, crystallization is undesirable and nucleation must be sup-

pressed. Heterogeneous nucleation occurs at phase interfaces, as in the melt-
crucible wall or on impurities or heterogeneities in the melt. Containerless melt-

ing could be advantageous for some glasses.

Glass melts frequently experience preferential loss of the more volatile com-

ponents, changing the composition of the resulting glass. Processing in a con-

vection-free environment could lead to higher levels of saturation in the atmo-

sphere at the solid or liquid surface that would suppress evaporation. Lower

rates of evaporation would expand the available processing windows for many

materials and allow shorter processing times.

Optical fibers are the application of glasses that has the most stringent re-

quirements for purity and homogeneity. Optical fibers are pulled from preforms
made by a CVD process and are not melt synthesized. Their manufacture is

already highly developed and fibers with optical losses less than 1 dB/km in
lengths of 30 km are routinely drawn in a single pull. 55 New materials for

optical fibers and signal amplifiers are under development. It is conceivable that

containerless processing could be useful for producing research specimens of
some materials.

Solution Synthesis

A recent trend in ceramic synthesis is use of near-room-temperature solu-

tion techniques to synthesize ceramic precursors. Increasingly, advanced ce-

ramics are synthesized from highly processed, chemically prepared powders.

Some of the more promising routes to advanced ceramic powders are sol-gel

processing, precipitation from solution, gas-phase synthesis, and powder-sur-

face modification. The sol-gel method is a familiar example. In that technique,

organometallic reagents in solution are hydrolyzed and condensed to form an
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inorganic polymeric gel that, when dried and fired, gives the desired ceramic

composition. These chemical methods can generate controlled size distribu-
tions, extremely reactive precursors, unusually shaped particles, and gels. Solu-

tion methods permit intimate mixing of components, easy dispersion of second

phases, and surface modification of the precursor particles. Liquid precursor
solutions also can be used to make thin films by dipping or spinning, and be-

cause of the high reactivity of the precursor particles, film consolidation occurs

at moderate temperatures. This advantage is being exploited in research on the

synthesis of electronic ceramic films such as PZT (lead zirconate-lead titanate)

and YBa2Cu_OT__ from solution. One potential application might be in epitaxial
growth of films from solution. That is one example of biomimetic synthesis of

ceramics, a proposed approach to ceramic synthesis that mimics biological pro-
cesses through the use of self-assembling monolayers. Whether reduction of

convective transport would be useful to biomimetic synthesis should be deter-

mined experimentally.
Chemical preparation of ceramics is a broad subject. For example, synthesis

of ceramic precursors by polymerization of metal alkoxides using hydrolysis and

condensation reactions is a rapidly expanding area of ceramics. Ultrafine ceram-

ic particles with enhanced surface reactivity (such as SiO 2) can be synthesized

through nucleation or condensation reactions in gas-phase aerosols. Ceramic

powders can be prepared under hydrothermal conditions in which the solubilities
of many oxides are greatly enhanced, permitting direct precipitation of oxides

from solution that is not possible under ambient temperature and pressure. Hy-

drothermal growth is well established for growth of quartz crystals, but the full

potential of the technique has not been exploited.
Glass, which is also considered a ceramic, has a lack of crystallinity as its

most distinguishing feature. Glass precursors can be synthesized in the same

ways as ceramics, for example, the process for making the silica boules from

which optical fiber is pulled:

SiCI 4 + 02 (C2H 2 flame) _ SiO_ + CO 2 + H20 + HCI.

Glasses can also be made by using the alkoxide solution route described above

for sol-gel ceramics.

Powder Synthesis in Microgravity

One of the main objectives in ceramic powder synthesis is to make particles

that are fine, homogeneous, and unagglomerated. Preparation by precipitation

from solution requires rapid introduction and mixing of reagents. One typical

method, used for electronic ceramics such as ZnO varistors and YBaeCu_O ,, is

to pump the solutions into an ultrasonic mixing cell where reaction occurs on the
order of micro- to milliseconds and the products are carried away to be removed

by filtration. The microgravity environment does not naturally provide any of
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those conditions. Microgravity would seem most obviously of benefit in situa-

tions where convection and particle settling must be minimized.

Ill traditional powder synthesis, the amount of liquid is a small fraction of

the total mass, and capillary effects should be much larger than those due to

convection. Ordinary gas-phase synthesis techniques involve forced flow of the

gases, and it is not clear how large an effect is introduced by convection. It is

possible to design experiments with gas flow rates low enough so that convec-

tion is relatively important. The significant practical problem in gas-phase syn-

thesis is avoiding agglomeration of very fine particles. Understanding nucle-
ation and growth of those particles is an important basic science issue.

In summary, gravity may be a significant variable in solution synthesis of

ceramics, but that has yet to be demonstrated. When ceramic powder is the goal,
reactions normally are run very quickly in a flow reactor or with stirring to

obtain a very flue, homogeneous precipitate. Forced mixing is the rule, and any

convection is a very minor effect. In sol-gel synthesis of bulk objects such as

aerogels, convection may play a more important role, and some gelation experi-
ments in microgravity may be fruitful.

CERAMIC AND GLASS PROCESSING

IN MICROGRAVITY

Processing refers to the steps involved in going from the precursor powder
to the final object. There can be a great deal of overlap between synthesis and

processing because some schemes are more or less continuous from raw material

to final product.

As already discussed, much traditional ceramic processing is by sintering of

powders. Melt processing of ceramics is rare, being used mostly tot glasses and

single-crystal growth (e.g., ruby laser crystals). There are several practical rea-

sons for this, anloug them the fact that the melting points of many important

ceramics are very high (greater than 2000C for A120 0 and ceramic melts react

with many crucible materials. Other ceramics, such as SIC and Si3N 4, cannot be

melt processed because they melt incongruently. Where reaction with crucible

materials is the limiting factor, conlainerless processing in microgravity may
have significant advantages.

There might be opportunities for microgravity research in solution process-

ing of ceramics. One example is making sol-gel fihns by dip coating. Use of

ceramics as fihns is a rapidly expanding area with applications as diverse as

sensors, microelectronic memory elements, and antireflection coatings. It is
important to determine the physical and chemical factors that control fihn forma-

tion during dip and spin coating and to develop strategies to tailor film porosity
and microstructure for sensor, membrane, protective, and photonic applications.

A major issue is the balance between gravitational draining, solvent evaporation,
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solute particle interactions, and surface tension effects. A key to the latter is the

hydrostatic capillary pressure, which has rarely been measured in a fihn or gel. 5¢'

Solution deposition is of interest tk)r preparing other kinds of ceramic thin

films because of the low capital investment costs, the ability to closely control

composition, and the relative ease of process integration with other technologies.

One problem with the use of chemical deposition methods to prepare thin fihns

is lack of a fundamental understanding of the effects of solution chemistry varia-

tions and structural evolution on film properties. For example, the process vari-

ables used in each step of the deposition of PZT ferroelectric thin films (e.g.,

solution preparation conditions, heat treatment temperatures, times, and ramp

rates} determine the ferroelectric properties of the fihn. Reduction of convective

flows in the microgravity environment may be of benefit in the preparation of

high-quality ceramic films, particularly where epitaxy is desired. This would bc

especially useful if it led to improved processing on Earth.

BASIC SCIENCE

There are a few fundamental issues in ceramics, in addition to those already

mentioned, for which the microgravity environment might prove useful. Per-

haps the most obvious is the study of crystal nucleation and growth in glass

melts. This question is important technically because of its relation to ghlss-

ceramics (where one wants controlled crystallization) and to optical glasses

(where crystallization is to be avoided). This line of research is being pursued in

the NASA containerless melt program. 57 There is a large body of work in the

scientific literature from the 1960s and early 1970s on glass crystallization. 5s

The challenge to microgravity research is to show how microgravity can be used

for critical experiments that will provide new advances in our understanding of

crystal nucleation and growth.

A second fundamental research opportunity is mass transport or diffusion

studies in glass and ceramic melts. For many systems of interest, the data are

inaccurate or unknown. Diffusion studies in microgravity would not be troubled

by convective mixing, and better data could be obtained in much less time. One

area of application is using dilTusion data to lest theories that classify glasses as

either strong or fragile, a concept that is related to the degree of polymerization

in the melt.

RECOMMENDATIONS AND CONCLUSIONS

The above discussion identifies a number of areas in which a microgravity

environment might be of benefit to ceramics research and development. The

following is a prioritized listing of those points:

1. The development of a general method for contamination-free synthesis
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using containerless melting would provide a capability not available on Earth.

Examples are containerless melting of glasses to suppress heterogeneous nucle-

ation and containerless processing to produce research specimens of new glasses

for optoelectronic applications.

2. A fundamental study of crystal nucleation and growth in glass melts in

microgravity could provide information difficult to obtain on Earth.

3. Mass transport and diffusion studies of glass and ceramic melts under

microgravity conditions should generate more precise data than the data avail-

able from terrestrial measurements.

4. The suppression of free evaporation from melt surfaces could allow syn-

thesis at higher temperatures than can be done on Earth.

5. The epitaxial growth of films from solution, including biomimetic syn-

thesis (self-assembling monolayers) of ceramics, should be studied.
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Microgravity Physics

INTRODUCTION

The intersection between the special research possibilities offered by micro-

gravity conditions and the general interest of the physics community is relatively

small. This is understandable since gravitational forces play only the most mi-

nor role in the traditional areas of physics such as high-energy, nuclear, and

condensed matter physics. Nevertheless, there are a number of problems of

interest in which access to space and the microgravity environment may allow
important research advances.

The subject of microgravity physics consists of many diverse topics united
by their common requirement for free-fall conditions. A similar situation holds

for low-temperature physics where the subject is united by the technical require-

ments for low temperatures. The topics of microgravity physics may be cast into

three categories for the purposes of discussion.

• New instruments. The very low stress conditions possible in the micro-

gravity environment allow the construction of instruments of unique sensitivity.

Examples are the superconducting gyroscopes of the Gravity Probe-B experi-

ment and the mass balance of Everitt and Worden's equivalence principle test.

Access to space allows the construction of instruments on a length scale not
limited by the size of the Earth, such as a long-baseline (10 6 km) gravitational
wave antenna. The freedom from the disturbance of microseisms that set the

noise floor for Earth-bound gravitational wave detectors is an important benefit
of the microgravity environment.

• Unique samples. Under free-fall conditions, gravitationally induced com-

pression effects are essentially absent and it is possible to create experimental

III
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samples with unprecedented uniformity. This possibility is particularly impor-
tant in the area of critical phenomena. Relief from gravitational and vibrational

stress will also be important for the preparation and study of delicate structures

such as low-density granular materials near the percolation limit.

• New dynamics in fluids. Fluid systems will provide a rich area lor the

study of new dynamic phenomena that can be expected in the microgravity envi-

ronment. The absence of buoyancy forces arising from nonuniform density
distributions under free-fall conditions allows weaker forces to come into play

and produce new dynamic behavior. Understanding the behavior of fluids in

space is important not only from the point of view of fundamental science but
also for the solution of practical engineering questions involved in spacecraft

design. Fluids under microgravity conditions constitute an extensive subject that

is discussed separately in this report.

THE CURRENT MICROGRAVITY PHYSICS PROGRAM

Two extensive reviews of the field of fundamental science in space 2,3dis-

cuss in considerable depth experiments currently being developed for flight in

the near future and longer-term prospects for the field. It is useful to discuss a

number of representative experiments to gain an appreciation of the motivations,
promise, and difficulties involved in microgravity physics.

Fundamental Physics Measurements

Access to space and the microgravity environment will allow tests of several

of the most fundamental aspects of physics. The most elemental of these is an

experiment being developed at Stanford University 4 to test the equivalence prin-

ciple. This principle, which asserts the identity of inertial and gravitational mass

or the impossibility of distinguishing within a system between acceleration and a

gravitational field, lies at the heart of Einstein's theory of gravitation. The
equivalence principle is so well imbedded in physics today that one tends to

forget that tests of this principle have a long and honored history dating back to

the experiments with falling bodies conducted by Galileo. In the 1960s, the

equivalence principal was confirmed 5 to 3 parts in 10 it. The new experiment 6

promises an eventual improvement on those results by some six or seven orders

of magnitude. In the original version of the experiment, the acceleration due to

Earth's motion in its orbit was compared to the gravitational attraction of the

Sun, whereas the Stanford experiment will compare the gravitational attraction

of Earth on an orbiting test mass to the acceleration associated with that orbit.

The gravitational force on an object in low Earth orbit is three orders of magni-

tude greater than the attraction due to the Sun; hence, an immediate large gain in

sensitivity is realized by going to space. A second advantage of the microgravity

environment is the escape from microseismic disturbances that would limit an
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Earth-bound experiment. As currently developed, this experiment takes advan-

tage of modern cryogenic technology with superconducting bearings for the con-
finement of the test mass and SQUID (Superconducting Quantum Interference

Device) position detectors. A shuttle flight for this experiment would allow an

important test of the operation of this apparatus and should allow an improve-

ment in the test of the equivalence principle resolution to the level of I part in
1()15. Given a successful shuttle flight, there would be a strong motivation to fly

this experiment on an independent satellite where the microgravity environment

could be substantially improved and the full promise of this experiment might be
realized.

A second experiment developed by the Stanford group is the very ambitious
attempt to observe the "frame-dragging" or magnetogravitational effects predict-

ed by Einstein's general theory of relativity. This experiment, which has been

under development for more than 20 years, is known as Gravity Probe-B (GPB).

It consists of four gyroscopes for sensing the frame-dragging effects that will

appear as extremely small torques on the gyros. The spin axes of the gyros will

then be compared with a fixed star. This experiment makes heavy use of ad-

vanced cryogenic technology with the utilization of superconducting gyros and

superconducting readouts. The time scale envisioned for this experiment is on

the order of a year. Although GPB can be given a shakedown test in a shuttle

flight, an independent satellite will be required to satisfy the microgravity re-

quirements of the experiment, which lie in the 10-m-g range.

Critical Phenomena

The study of critical phenomena has become prominent in condensed matter

physics over the last 20 years. This period has seen remarkable advances on
both the experimental and the theoretical fronts, in particular with the high-

resolution experiments at the l-point transition of liquid 4He and with the devel-

opment and successful application of renormalization group techniques to the
calculation of the behavior of many systems in the neighborhood of their critical

transitions.

The subject of critical phenomena presents a very promising area for micro-

gravity research. The essential advantage of microgravity for studies of critical

phenomena lies in the possibility of achieving relief from the gravity-induced

compression effects always present in the Earth-bound laboratory. These com-

pression effects are particularly severe in liquid-vapor critical point studies be-
cause the compressibility of the system diverges as the critical point is ap-

proached. Near the transition, the gradient in the hydrostatic pressure leads to a

large density gradient in the sample. Thus, only a diminishing portion of the
sample will satisfy the condition for critical density as the transition is ap-

proached. The situation with the superfluid transition in liquid 4He is somewhat
more favorable since the order parameter does not couple strongly to the density.
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Nevertheless, on Earth, gravity-induced hydrostatic pressure leads to a mi-

crokelvin shift in transition temperature for each centimeter of sample height.

Gravity effects can be minimized, to some degree, by a reduction in the height of

the sample, but this strategy soon runs into sensitivity problems related to sam-

ple size, and on a more fundamental level, problems associated with surface and

finite-size effects set limits to sample thickness.

The )_-point in liquid helium has been a paradigm fk)r critical phenomena

studies. Liquid helium offers a number of properties that make it an almost ideal

subject for such studies. 7,8 It is an exceptionally pure system. In the superfluid

state, helium possesses a very rapid relaxation time, and compared to the liquid-

vapor transition the superfluid transition is relatively insensitive to gravitational

effects. The use of samples less than 1 mm thick has allowed useful data to be

obtained at reduced temperatures, t = 1 - T/Tz, less than 10 7. Modern advances

in low-temperature thermometry would allow at least a two-order-of-magnitude

improvement in experimental resolution.

Motivated by the central position of the superfluid _.-point transition in the

critical phenomena field, Lipa and Chui at Stanford University have developed a

microgravity version of the _-point heat capacity experiment. '_ In the develop-

ment of this experiment, they have advanced the state of the art in high-resolu-

tion thermometry to the point that they can resolve temperature to 1 part in 1011.

Microgravity conditions are required to fully exploit this superb resolution. In

space, the heat capacity measurements can be extended two orders of magnitude

to the 10 9 level in reduced temperature beyond the best results achieved in

ground-based measurements.

The Lambda Point Experiment (LPE) was flown on the shuttle in October

1992 (USMP-1). Analysis of the data indicates an improvement of nearly two

orders of magnitude over previous data obtained on Earth. Unfortunately, the final

analysis was delayed by several factors. The first was the failure of NASA to

provide the investigators with the full data set on an expeditious time scale. At least

four months passed after the touchdown of USMP-1 before a complete record of

the raw experimental data became available for analysis. A second factor was the

discovery, as is often the case during innovative research, of an unanticipated exper-

inaental problem. The cosmic-ray background encountered in orbit was found to

produce stochastic thermal spikes in the response of the high-resolution thermome-

ters, resulting in a somewhat degraded performance. The principal investigator has

developed an algorithm for combing the data for the worst of these spikes. This

was done in an unbiased way, and heat capacity data approaching within a few

nanokelvin of the J( -point have been obtained.

The LPE has been an outstanding success. This experiment gives a clear

demonstration that highly sophisticated experiments involving the most sensitive

and advanced instrumentation can be performed profitably in the microgravity
environment.

A second critical point experiment is also in an advanced state of prepara-



MICROGRAVITY PttYSICS 115

tion. This is the light scattering experiment developed for measurement of the

correlation length at the liquid-vapor critical point of xenonY ° This experiment

should be able to test the theory of density fluctuations in the nonhydrodynamic
limit much closer to the transition than would be possible on Earth. It has been

expected that the phenomenon of critical slowing (i.e., the divergence of the time

scale for thermal equilibrium as the transition is approached) will be an impor-
tant experimental constraint. This would be especially true for an experiment

conducted on the shuttle, where there will be stringent time constraints. There

are indications, however, that there may be an actual speeding up of equilibrium

near the transition. II If true, then the feasibility of liquid-vapor critical point
experiments will be much enhanced.

FUTURE EXPERIMENTS UNDER

MICROGRAVITY CONDITIONS

Critical phenomena, particularly studies at low temperature, have occupied
a central position in the current program of microgravity research. This is due to

the advanced level of experimental and theoretical sophistication achieved in

this area of condensed matter physics as a consequence of the vigorous progress

of the last two decades. It is expected that the future will see continued experi-
mental advances from the marriage of modern high-resolution measurement tech-

niques with the vastly improved sample uniformity possible under microgravity
conditions.

New directions are possible for the study of critical phenomena in space.

Up to this time the emphasis has been on measurement of static properties,

particularly the specific heat in the neighborhood of the critical transition. For

the future, several new directions are possible that represent important exten-

sions beyond the successful completion of LPE. Chief among these will be

studies of systems far from equilibrium, nonequilibrium dynamic phenomena,

and studies of finite size effects in well-characterized geometry. Again, liquid
helium will be the system of choice, given the large body of experience and its

experimental advantages. Enthusiasm for further work with liquid helium in

space will be strongly enhanced by success with LPE.

Although low-temperature critical phenomena experiments are the most ad-

vanced and tend to drive the field, there are many possibilities for studies of

critical phenomena in other systems that can benefit from microgravity condi-
tions. Wetting phenomena, nucleation and growth, and the critical behavior in

microemulsions and polymer systems, as well as the behavior of fractai aggre-

gate systems near their percolation threshold, hold considerable potential for
microgravity research.

Beyond critical phenomena, there are interesting studies to be made on the

static and dynamical properties of low-density aggregate structures and suspen-

sions. Freedom from sedimentation effects will be most important in such work.



l ]0 MICROGRAlcTTY RESEARCtt OPPORTUNITIES FOR THE 1990s

One interesting aspect of low-density aggregate structures is their fractal nature.

On Earth, there is a minimum to the density of an aggregate structure that can be

stable since such structures tend to collapse of their own weight, because their

strength decreases more rapidly with decreasing density than does the gravita-
tional stress.

Atom trapping and laser cooling techniques have been advanced in recent

years to the point where atomic transitions can be studied under conditions of
free-fall. In "atomic fountain" experiments, groups of ultracold atoms are pro-

jected upward into a microwave cavity. The dwell time for these atoms, under
free-fall conditions, is limited by the size of the cavity and Earth's gravitational

field. Current experimental configurations allow observation times as long as

0.5 s and should allow the development of an atomic clock with the remarkable

accuracy of I part in 10 j¢'. This type of experiment is a clear candidate for the

microgravity environment, where the experimental observation time could be

greatly extended with a further major increase in clock accuracy.

The dynamics of crystal growth is another subject that can profit from mi-

crogravity conditions. To date, there has been considerable interest in the possi-
bility of improved crystal size and quality with growth under microgravity con-

ditions where convection is suppressed. Another aspect to the crystal growth

problem is the influence of gravity on the facet size and ultimate equilibrium
shape of the crystal. These questions could probably be best addressed through

studies of growth of free-floating helium crystals under microgravity condi-

tions. 12-14 Helium crystals are particularly good candidates for microgravity

research because they can be rapidly grown, melted, and annealed. Surface

relaxation is so rapid that melting-freezing waves are easily created. The rough-

ening transition, readily observed in helium crystals, makes their shape strongly

influenced by gravity, ls A large reduction in gravitational influences would
facilitate studies of this unique type of phase transition.

RECOMMENDATIONS AND CONCLUSIONS

The experiments mentioned above, with the exception of the GPB, all repre-

sent extensions of work that is currently performed or can be performed in Earth-
based laboratories. Much of the scientific value of the proposed space experiments

will depend on the strength of the connection to Earth-bound research. Given the

long time scale for the development through flight of a space experiment, there is a

real danger that the scientific goals of the experiment may be bypassed by new

developments or by major shifts in the value ascribed to the work. There is also the

possibility that the principal investigator (PI) may lose contact with the field. This

is particularly likely if the PI becomes heavily involved with the development of

flight hardware for a long period of time. These considerations argue for consider-
able support of ground-based research in the same general area as the candidate
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flight experiments. Also, it is desirable to keep approved projects under periodic

scientific review throughout the life of the experiment.

The quality of the microgravity environment is a topic that must be exam-

ined critically in the context of each possible experiment. Minimum accelera-
tion is the most obvious parameter of concern for many of the contemplated

experiments; however, the time span over which a high-quality, low-gravity en-
vironment can be maintained may be of equal importance. For some experi-

ments, accidental large accelerations, such as might result from the sudden move-

ment of personnel or the firing of small thrustors, may destroy the object of

study, for example, a low-density granular structure.
When considering the quality of the microgravity environment available for

experiment, one should remember that only the center of the orbiting spacecraft
is in true free-fall and then only to the extent that orbital drag effects and other

external influences such as solar wind and radiation are negligible. In a gravity

gradient-stabilized spacecraft, there will be a steady rotation of any experiment
about the center of mass of the entire spacecraft once each orbit. For a low Earth
orbit, this will result in accelerations on the lO-V-g level at a distance I meter

from the center of mass of the entire orbiting system. On both the space shuttle

and the space station only a few experiments will be located close enough to the
center of mass to ensure acceleration below the I 0 6 level.

• It can be expected that a number of scientifically meritorious projects,

such as the equivalence principle experiment and GPB, will require spaceflight

independent of the crewed space facilities.

In the future, one may anticipate a continued requirement for low-temperature

facilities in space since low temperatures are important for the highest-resolution

measurement techniques, particularly those based on SQUID technology.

• If the space station is to be a useful contributor to the area of fundamental
science, access to liquid-helium facilities will be mandatory.
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Flight Opportunities and Challenges

INTRODUCTION

The microgravity research program began in the late 1960s, primarily as a

microgravity materials processing activity. It was initially an outgrowth of the
space race between the Soviet Union and the United States and was concerned
not just with scientific endeavors but also with the commercial materials market-

place. Early experiments on Apollo, Skylab, and Apollo-Soyuz provided the

tbundation for a research field that is now nearly a quarter of a century old. In
the 1970s, the credibility of the program suffered somewhat when efforts failed

to demonstrate the near-term rewards promised by enthusiasts. Europeans, mean-
while, focused their program on microgravity fluid and materials science issues

using drop towers, parabolic flights, sounding rockets, and high-altitude bal-

loons. The Soviets took advantage of a nearly continuous presence in space with
flight experiments in microgravity environments. During the late 1980s and

early 1990s, the United States strengthened its programs in microgravity re-
search with numerous shuttle flights, leading to a plan to utilize a space station
as a long-term, permanently crewed facility.

In developing a program of microgravity research, NASA has attempted to

provide a balance of opportunities for its various constituencies: industry, gov-

ernment, and academia. Academia has traditionally focused on fundamental
research, industry on commercial applications, and NASA on the mission fre-

quency and ground-based infrastructure to support reasonable research progress.

With the reduction of flight opportunities following the Space Shuttle Challeng-
er accident, NASA recognized that a reliable spaceflight infrastructure was es-

sential if U.S. industry and academia were to expand their participation in the

121
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program and provide the next generation of space scientists. Providing a reliable
infrastructure, however, has greatly increased the complexity of flight experi-

ments and, consequently, increased the costs of shuttle missions. Together with

the development and utilization of sophisticated technologies in optics, electron-

ics, computers, communication devices, and sensors, dedicated missions in par-
ticular have become more costly to develop and operate.

In an attempt to keep costs to a minimum, NASA constructed a number of

multiuser spaceflight instruments and hardware for several microgravity scien-

tific and technological communities. These instruments, identified through a

complex internal evaluation and comparison process, have not proved as useful

to a wide spectrum of investigations as intended.
Because microgravity research is a laboratory science, it often requires real-

time interactions between scientists and their experiments. Moreover, a labora-

tory-based researcher must be able to carry out a large number of experiments

over ranges of experimental parameters and demonstratc the reproducibility of
results. When necessary, the researcher must be able to modify the apparatus

and employ diagnostics to achieve these goals.
NASA's microgravity research program must, therefore, be sufficiently

broad and robust to encompass requirements for basic research as well as pro-

vide the foundation for development of the many processes leading to future

space-based technologies. The program of support should be designed to be
flexible so that it can rapidly accommodate new areas of investigation or scien-

tific interest as they develop.

To achieve greater flexibility in terms of instruments, procedures, and ap-

proaches that should be introduced into the program, a number of special admin-

istrative points should be considered:

• Access to the microgravity environment should be increased substantial-

[y; this means, for most practical purposes, access to space shuttle missions and
ultimately to a long-duration orbiting platform such as the space station. How-
ever, while the value and need for human intervention capabilities are noted

repeatedly in this report, nothing herein should be interpreted as advocating or

opposing any one of several initiatives or programs, such as a space station,

planned by NASA in coming years.
• Hardware versatility, variety, and flight manifests should be made more

flexible so that research development builds on flight experience in a systematic

and expedient manner.
• Some microgravity experiments can benefit from an investment in tele-

operational capability, allowing scientific investigators direct interaction with

their experiments. NASA should encourage and support the development and

deployment of such techniques in future microgravity experiments.
• The cost of flight instruments for research in microgravity should be

substantially reduced by lessening bureaucratic overhead, minimizing technical

complexity, and eliminating unnecessary requirements. Approaches must be
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devised to obtain initial feasibility data and proof of concept from simplified,

economical devices before any commitment is made to the long-term develop-

ment of expensive instrument systems.
• As much as possible, instruments should be shared among divisions, par-

ticularly between the Life Sciences and the Microgravity Science and Applica-

tions Divisions, and between NASA and the space agencies of other countries,

such as the European Space Agency. This could serve to broaden the base of

available flight instruments, reduce expense, and encourage a closer cooperation

among space scientists.

• Transient accelerations of spacecraft due to equipment operation and crew
movement can affect microgravity experiments. In certain experimental situa-

tions, the effects of these accelerations and, in particular, the acceptable maxi-

mum magnitude are quantitatively well understood, tn other cases, however, the

effects of these accelerations are only qualitatively known and the maximum

acceptable level cannot confidently be prescribed. Research is needed to charac-
terize the effects of such accelerations.

• Some attention should be given to the moderation of safety requirements

for experiments in space. The level of containment currently required is often

unnecessary, adds needless complexity and overhead, and appreciably increases

costs. In addition, it limits flexibility, slows development rates, and places an
encumbrance on instrument development that weighs heavily on the overall pro-

gram. The same is true of the level of toxicological analysis, the time required to

effect minor and otherwise insignificant changes in an experiment, and the ex-

cessive amount of documentation required to achieve flight qualification. Al-

though any, or all, of the more stringent requirements might be entirely appropri-

ate in specific instances, they should not be broadly and indiscriminately applied.

Another issue relates to the assignment of administrative responsibility in

the areas of microgravity effects on cellular and subcellular processes and mech-
anisms, investigations into microgravity effects on macromolecular assemblies,

their responses to physiological stimuli, and the biochemical processes that un-

derlie all of these phenomena. A clear concept and description of the overall

scope of the Microgravity Science and Applications Division research effort in

the area of biotechnology should be developed. Some mechanism should be
found to establish and maintain close cooperation and coordination among in-

vestigators in the area and between the Life Sciences Division and the Micro-

gravity Science and Applications Division.

OPPORTUNITIES:

MICROGRAVITY RESEARCH FACILITIES

A variety of facilities are available for research in low-gravity environ-

ments. These range from drop towers and aircraft, used to conduct tests that

need only short-duration milli- to microgravity conditions, to the space shuttle
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TABLE 8.1 Research Facilities for Microgravity

Gravity Duration

Facility Environment of Environment

5.18-s Zero-Gravily

Research Facility <11) -5 t, 5.18 s

2.2-s drop to,a, er <105 _, 2.2 s

105-m drop tube I0 6 g 4.6 s

KC-135 aircraft 10 2 g 15-25 s

10 _ t,, 5-15 s

Learjet IO--I_ll) 2 g 18-22 s

Sounding rockets <11') 5 g Up to 15 rain

Space shultle 1(1-6- I 0 5 g Variable

(quiescent period)

10 -3 g

(active period)

Space station <10 -6 g,f<_ 0.1 Hz 30 days continuous,

<10 -a g.f>_ 11')0 Hz 180 days/year

tx 10 5 g,

0.1 <_f<_ 100 Hz

Free-flyers <10 5 g,f< I Hz Several months

<10 -3 g,f> lOOHz

['x 10 5 g,

1 <.!< IOOHz

Lunar base O, 16 g

COlnluents

Operational early 1993

High-tcmperalure capacity

Free-fall within cabin

Additional specifications

for complex disturbances

NOTE: f= frequency.

and space station. The characteristics of each facility in the NASA program are

described below and summarized in Table 8.1. Except where a specific docu-

ment is cited, the technical specifications of the facilities were obtained through
interactions with NASA staff.

Drop Towers and Drop Tubes

The drop tower or drop tube low-gravity facility relies on free-fall of the
experimental package to produce a microgravity environment. Eftbrts are made

to eliminate the retarding effect of the atmosphere, either by evacuating the

region in which the free-fall takes place, by use of a drag shield, or by gas
thrusters. Typically, microgravity conditions last for only a few seconds, and the

experimental package must withstand extreme deceleration at the end of a test.
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5.18-Second Zero-Gravity Research Facility

The 5.18-Second Zero-Gravity Research Facility, which consists of a tube

embedded in the ground that can be evacuated to approximately 10 z torr, per-

mits 5.18 s of microgravity conditions of <10 -5 g. The height of the vacuum
chamber is 145 m and allows a free-fall of 132 m. One to two tests can be run
per day. This facility is located at the NASA-Lewis Research Center.

2.2-Second Drop Tower

The 2.2-Second Drop Tower provides 24 m of free-fall. Tests are run in air

with a drag shield, which leads to a gravitational acceleration of <10 5 g during
free-fall. Up to 12 tests per day can be run at the facility, which also is located at
NASA-Lewis.

105-Meter Drop Tube

The 105-Meter Drop Tube can be evacuated to a pressure of 10 6 torr, which

allows 4.6 s of free-fall with accelerations that may be as low as 10 -6 g (currently

not measured). The drop tube is designed such that a sample can be melted and

then allowed to solidify during the free-fall to study containerless processing.

This facility is at the NASA Marshall Space Flight Center. Up to 45 drops per
day are possible.

Parabolic-Flight Aircraft

Microgravity research aircraft obtain weightlessness by flying a parabolic

trajectory. Although large forces of acceleration and deceleration are produced
during portions of the flight, in the short period of parabolic flight, conditions of

less than 1% of Earth gravity are obtained. Such periods of weightlessness may

be useful for conducting low-gravity experiments requiring somewhat longer
times than are available in the drop towers and for those cases in which the

quality of the microgravity environment is not critical. Parabolic flights are

useful for testing experimental packages intended for later flight on the space
shuttle or space station.

KC-135 Aircraft

When the KC-135 flies through the top of a parabolic flight path, some 15 to
25 s of lO-2-g low-gravity conditions occur, with 5 to 15 s of this at the level of

10 3 g for experiment packages that are in free-fall within the cabin. Some 40

trajectories can be flown during a single flight. The KC-135 operates from the
Johnson Space Center in Texas and the Lewis Research Center in Ohio.
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Leatjet

Low-gravity conditions are maintained for 18 to 22 s in the Learjet. Typi-

cally the acceleration is of the order of 10 J to 10 2 g during this period, but the

trajectory can be altered to produce intermediate accelerations. Six trajectories
can be flown during a single flight. NASA recently acquired a DC-9 that is

expected to replace the Learjet sometime in 1995. The capabilities of the DC-9

are similar to those of the KC- 135.

Sounding Rockets

High-altitude suborbital rockets (sounding rockets) have been used exten-

sively for space science research since the end of World War 11. In recent years,

they have been used for microgravity research. At the top of the arc of the

trajectory, a gravitational environment of < 10-5 g exists tk)rup to 15 rain. Oper-
ational launch vehicles pert'nit payloads up to 420 kg. Recovery systems allow

soft impact retrieval of payloads. High data-rate telemetry, real-time ground up-
link command, and down-link video data are routinely available.

Space Shuttle

The operating parameters on the shuttle have been measured by the Space
Acceleration Measurement System (SAMS) and the Orbital Acceleration Re-

search Experiment (OARE) to be 10 6 to 10 5 g for quasi-steady (i.e., low-fre-

quency) accelerations. Disturbances of the order of 10 _ .4 during on-orbit ma-
neuvers or crew operations are controllable to some extent. Flights are scheduled

to last a number of days, but uninterrupted quiet times are brief. Figure 8.1

shows the capabilities of the accelerometer systems, SAMS and OARE, along

with typical shuttle acceleration spectra. The standard spacelab double rack
available to experimenters is limited to about 634 kg, with 1.75 m 3 in volume

available for a payload unit. The possibility exists, however, of connecting

several units for a given experiment.
The times required tor experiments in some of the subdisciplines of micro-

gravity research exceed those available on the typical spacelab mission. Spacelab
missions with extended-duration capability might be better able to serve the
research communities of those subdisciplines. For others such as biotechnology

and materials science, longer flight times would provide significant benefits in

terms of the quality of scientific yields. Even for those microgravity experi-
ments that do not require long duration in orbit, the limited number of spacelab

flights severely limits reproducibility. These limitations, mherent to the spacelab

system, can be obviated only by the longer flight durations available on a space

station or free-flyer.
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shuttle.

Space Station

The following describes the requirements for microgravity research aboard

a space station. While the information given here was taken from "Space Station

Freedom (SSF) Program Definition and Requirements Document," Revision L

(1992), the microgravity requirements remain essentially unchanged in the more

recent "Space Station Concept of Operations and Utilization," Vol. 1, Appendix

C, Revision A (March 23, 1994). Although the space station concept continues

to be redefined, the desired microgravity characteristics are likely to be the same

as indicated herein. In specifying allowable accelerations, quasi-steady state

means accelerations with frequencies <0.01 Hz. In this frequency regime, an

upper limit of 10 -6 g is imposed on the magnitude of the instantaneous accelera-

tion, and an upper limit of 0.2 x 10-6g on the magnitude of the component of the

instantaneous acceleration perpendicular to the direction of the average orbital

acceleration. (The critical frequency 0.01 Hz was chosen as beingone order of

magnitude below a reasonable estimate of the fundamental structural vibration

frequency.)

Figure 8.2 shows the allowable accelerations above 0.01 Hz. Considered indi-

vidually, the total root-mean-square contribution to the acceleration spectrurn from
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FIGURE 8.2 Space Station Freedom combined sources microgravity allocations. Graph
shows allocation limits for each work package, each international partner, and the com-
bined payload complement, at module-to-rack interface. Limils applicable in any one-
third octave band [Yom0.01 to 300 Hz, over any 100-s interval

* Individual allocations lor three work packages, three international partners, and pay-
loads.

** RMS total of all seven individual allocations. RMS, tool mean square.

each work package and from each international partner must not exceed the limits

indicated in Figure 8.2. Furthermore, the vibrations induced by the combined

payloads must not exceed the root-mean-square acceleration magnitude limits of
Figure 8.2. These limits are applicable in any one-third octave band from 0.01

through 300 Hz, over any 100-s interval. Crew interfaces with the space station
structure, such as treadmill, keyboards, and drawers, are covered by the vibration

budget seen in Figure 8.2. Currently, however, astronaut motion is not subject to
the vibration restrictions. Clearly, there is little point in designing the structure and

instrumentation of a space station to provide a microgravity environment if the

movement of the astronauts introduces unacceptable disturbances. The question of
astronaut motion is still under consideration.
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The requirements of Figure 8.2 refer to monochromatic loading with time-
independent amplitudes. Specifications have been written for transient effects.

Each individual transient is limited to 10 _ g along each of three mutually per-

pendicular axes. In any 10-second window, the time-integrated acceleration
must be less than 10 !u,e-s along each of the three directions. This criterion is

applied to each disturbance source separately. In the case of multiple sources, if
these are monochromatic with the same frequency the accelerations are summed

(with phase relations taken into account) and the result is compared with Figure
8.2. Procedures have been formulated to take into account broad-band distur-

bances. An example of the analysis of the disturbance to the microgravity envi-

ronment to be expected from a particular facility is given in Figure 8.3 A,B.

Both the narrow-band (A) and the broad-band (B) requirements for the centri-

fuge facility (CFP) previously planned for Space Station Freedom are shown.

Also shown are the "allocations" to the CFP, 35% of the force required to pro-
duce a 10-_'-g acceleration. The frequency dependence of these curves reflects

the frequency response of the structure of the SSF to disturbances. This example

is presented for the purposes of illustration only, since more recent space station

plans do not yet specify allocations for the centrifuge facility.

Design and operational plans should be such that the microgravity environ-

ment is of sufficient quality (including full consideration of transients, multiple
sources, and resonant frequencies) and time duration to meet the requirements of
the scientific experiments.

Free-Flyers

Free-flyer data were taken from an Announcement of Opportunity for

EURECA-1 experiments. The data sheet specified a microgravity environment
of 10 -5 g for frequencies of <1 Hz and 10 3 g for frequencies >i00 Hz. The

EURECA environment has been verified by on-orbit measurements. Total pay-

load mass was approximately 1000 kg. The mission was launched in July 1992
and flew for about 10 months.

Lunar Base

Experiments conducted on the Moon's surface would take advantage of an
order-of-magnitude reduction in the gravitational acceleration to 0.16 g.

CHALLENGES TO MICROGRAVITY RESEARCH
EXPERIMENTATION

The present microgravity research infrastructure does not readily accom-

modate the needs of laboratory-type research. Drop tower experiments and

precursor experiments on airplanes flying parabolic trajectories are limited to
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FIGURE 8.3A Approxinlate Space Station Freedom (SSF) imposed narrow-band force
requirement on the centrifuge facility (CFP). RMS, root mean square.

short durations. Robotic materials processing and telescience experiments can

be done on free-flyers. Spacelabs and a space station are required for conduct-

ing laboratory-type microgravity research. Experience with spacelab for micro-

gravity research, however, indicates that (I) it is likely to take years to develop

an experiment that can yield high-quality scientific data and (2) it is an ex-

tremely expensive process.

At present, the time required from the selection of a new principal investi-

gator to launch of his or her spaceflight experiment is 5 to 6 years for the mid-
deck (noninteractive) location and 6 to 8 years in spacelab. Reflights with minor

modifications to the equipment require a minimum of I year for mid-deck and

2 years for spacelab experiments. Every element of an experiment must be

documented in detail and pass safety tests. Figures 8.4 and 8.5 outline the

process, including numerous extensive reviews at various stages of the develop-
ment and integration of the experiment. For example, there are 5 reviews in the

experiment definition and development process and 11 reviews (including 4 for

safety) in the mission integration process. The experiment is required to be

delivered a full year before launch for integration into the spacelab and orbiter.
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Because the number of spacelab missions is limited, as many experiments as

possible are scheduled for each flight. Thus, the number of experimental runs is

limited even if all goes as planned on the mission. As a result, compromises in

the form of flight rules often have to be made in the acceleration environment

due, for example, to the orbiter orientation. These flight rules are often favor-

able for one experiment but not another. Because of heavy demand, experiment-

ers are guaranteed only one flight and any reflights must compete again.
Surmounting the various hurdles to which a flight experiment is subject

requires interactions with three different NASA centers: Johnson Space Flight

Center, which is in control of the orbiter; Marshall Space Flight Center, which

controls the spacelab; and Kennedy Space Center, which is in charge of integra-

tion and launch. The conditions imposed on the experiment and the principal

investigator by the various NASA centers are not always consistent. In addition,

there are many people involved that have sharply delineated areas of responsibil-

ity, including systems, safety, quality control, time line, and orbital mechanics.

All of this complexity is a result of the concern for the safety of the crew and

spacecraft and results in long times for experiment development.
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It is suggested that (I) the interactions among centers and headquarters be

simplified and unified and (2) the principal investigators be continually involved

in all aspects of these procedures. Every procedure and requirement should be
examined to determine if it is relevant and essential.
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Glossary

Advective: A mode of heat and species transport associated with the directed

motion of a fluid as often induced by volume changes accompanying phase
transformations.

Anisotropic: The variation of some material property with respect to direction
or spatial orientation.

Austenite: The high-temperature phase in steel consisting of carbon dissolved
in face-centered cubic iron.

Batch technique: One of several strategies for crystallization in which a super-

saturated condition for one dissolved component is established by mixing solu-

tions and other additives into a single batch solution. In the typical application,

this solution is then left undisturbed during precipitation of the supersaturated
component in the form of crystals.

Biochemical assays: Methods of detecting and monitoring protein or other bio-

logical activities. The activity of an enzyme, for example, may be monitored by

the disappearance of reactants or the appearance of products from the reaction it
catalyzes.

Biological macromolecule: One of a diversity of large molecules (relative mo-

lecular weights typically 5000 or more) characteristic of biological systems, such
as proteins, nucleic acids (e.g., DNA), anad polysaccharides.

Biomimetic synthesis: Synthesis by processes that mimic those found in bio-

logical systems. An example is the composite organic mineral structure of aba-
lone shell.

137
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Bridgman: A technique tot effecting bulk crystal growth by application of a

temperature gradient to a solution of the components.

Calorimetry: A classical measurement technique based on the temperature

change observed in a material arising from the admission or release of a known

quantity of heat energy.

Cell fusion: The merging of more than one cell into a single entity surrounded

by a composite membrane, with concomitant mixing of cell contents.

Cell matrix: A structural component organizing and shaping cells in organs and
tissue. A common molecular component of mammalian matrix is collagen.

Chemotaxis: A behavioral response of certain living organisms mediated by

interactions of a receptor with a specific chemical that causes movement of the

organism in response to a gradient in concentration of the chemical. An example
is the movement of certain bacteria toward the source of a soluble nutrient.

Chromatography: A collection of methods for separa_kng solution components

by differential flow rates through a porous medium due to differences in size,

charge, or binding affinity for the medium.

Coercivity: The magnitude of the magnetic field intensity required to reverse the

magnetic induction from one state of magnetization to its opposing orientation.

Commercial enzymes: Although biological materials have been used in gener-

ating products of commercial value for centuries, in recent times the sources of

the utility of some of these materials have been identified as enzymes, an exam-

ple of which is rennin, an enzyme used in commercial cheese production. More
recently, interest has grown in the design and manufacture of enzyme products

with commercial value. An example is the engineering of thermostable protein-

degrading enzymes such as subtilisin as additives conferring improved stain-

removing properties on laundry products.

Constitutive equations: Equations that relate electric displacement with elec-

tric field intensity and magnetic induction with magnetic field intensity.

Containerless: The description of materials processes carried out in micrograv-

ity that precludes the need for a supporting vessel or crucible and thereby elimi-
nates sources of contamination at high temperatures.

Convective: A mode of heat and species transport in fluid systems caused by

bulk (macroscopic) motion of the fluid.

Cuprale superconductors: A class of high-temperature superconductors based

on layered intermetallic compounds containing copper oxide and metals such as

yttrium, barium, and bismuth.

CVD: Chemical vapor deposition.
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Czochralski method: A technique for effecting bulk crystal growth in which a

"seed" crystal grows by its gradual withdrawal from a stationary melt phase.

Dendritic: A branched, tree-like, form of crystal growth, commonly occurring
in the solidification of metals and alloys during casting and welding.

Diffusivity: The transport coefficient that relates the net flux of species or heat

flowing in response to a gradient of the concentration or temperature, respective-
ly, established in the material.

Electrofusion: Cell fusion facilitated by application of electric fields.

Electromagnetic levitator: A device consisting of a high-frequency coil that

provides a magnetic lifting force and heating for a conducting material placed
within the coil.

Electroosmosis: Transport across a semipermeable membrane driven by elec-

trical potential difference.

Electrophoresis: Separation of charged molecules based on differential mobili-
ties in an imposed electrostatic field.

Electrowinning: The process of recovery of metallics from low-grade ores by
leaching the mineral with an acidic solution followed by electrolytic precipitation.

Ellipsometry: An optical technique used for determining the index of refraction

and other optical properties of the surface of a material by analyzing the ellipti-

cally polarized light reflected from the surface.

Embryogenesis: The collection of complex developmental processes involved

in going from ovum to embryo.

Emissivity: The optical property of a material body that relates the absorbed

energy flux for a given wavelength to that of a perfectly absorbing substance.

Endocrine cell: A cell from one of a number of different glands that secrete
molecules, known as hormones, that influence the behavior of other cells.

Epitaxy: The growth on a crystalline substrate of a crystalline layer with an

ordered structure that is determined by the crystal structure of the substrate. As

used in this report, the epitaxial layer has the same structure as the substrate.

Eutectic: A thermodynamic reaction in which a liquid transforms into two solid
phases upon cooling.

Fermentation: A process involving enzymatically controlled breakdown of nu-

trients in the absence or air by living organisms such as yeast.

Flammability limit: Mixture ratio limits of fuel to oxidizer above and below

which a propagating flame will not sustain itself.



140 APPENDIX A

g-jitter (gravity-jitter): The spectral range of oscillatory accelerations arising

from crew motions, machinery, rocket firings, and so on, occurring in orbiting

spacecraft.

GBP: Gravity Probe-B--an experimental test of magnetogravitational effects

predicted by Einstein's general theory of relativity.

Genome: The collection of genetic material that encodes all of the components,

the assembly, and the development of an organism.

Glovebox: A hermetically sealed environment accessible to hand manipulation

by gloves that are an integral part of the environmental enclosure.

Glycoprotein: A protein that is modified after synthesis by the attachment of

oligomeric assemblages of carbohydrate. The attachment sites and the nature of
the attached carbohydrate are determined by the action of enzymes.

Heterostructure: Term usually applied to semiconductors. A multilayered,

single-crystal structure with the layers having different compositions, but with

nearly defect-free interfaces as the result of being either lattice matched or thin

enough that stress has not been relieved by the formation of defects.

Hybridoma: A fused cell combining a cell with desired properties with a can-

cer cell that confers reproductive immortality on the fusion product.

Hydrothermal growth: Synthesis in high-pressure aqueous systems at temper-
atures above 100"C.

Hypereutectic: Describing compositions of an alloy that are above the eutectic

point.

Hysteresis: The memory effect exhibited in some property by systems changing

from one state to another, such as from the magnetized to the unmagnetized
condition.

Immiscibility: The property of liquid alloys over certain temperatures, pres-

sures, and compositions by which they separate into distinct phases, such as oil

and water at room temperature and atmospheric pressure.

lmmunoglobulins: Proteins whose function it is to recognize and bind to dan-

gerous or foreign molecules, matter, or cells, and to flag them for destruction or
elimination.

Incongruent melting: Melting with decomposition.

Intercellular communication: The process by which cells influence the behav-

ior of other cells in a mullicellular organism. Communication occurs most com-

monly by chemical means and involves the interactions of a bewildering variety

of secreted chemicals with specific cellular receptors.
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Intermetallic: Referring to phases of nearly fixed atomic proportions, usually

exhibiting limited mutual solubility, and occurring away from the ends of the

phase diagram.

Isoeleetronic: Having the same electronic structure.

lsostatic pressing: A process for consolidating powders by application of pres-
sure equally from all sides.

Lambda point: For 4He, the temperature (2.1780 K), at atmospheric pressure,
at which the transformation between the fluids helium I and helium 11 takes

place. At this point the heat capacity of the system increases without limit as the

transition temperature is approached from above or below.

Landau-Darriens instability: A fluid interface instability occurring when there

is a density difference across the interface and mass transport across the inter-
face.

Lewis number: Nondimensional number consisting of the ratio of the thermal
and mass diffusivities.

Liposomes: Aqueous compartments enclosed by lipid bilayer membranes. Ar-

tificial liposomes are constructed to encapsulate substances for controlled deliv-

ery in biological systems.

Liquid-liquid diffusion: A method of crystallization in which two different

solutions, miscible or immiscible, are brought in contact to form an interface,

with or without the benefit of a semipermeable membrane. Subsequent diffusion

across the interface establishes a supersaturated condition for one of the dis-

solved components, typically a protein, resulting in precipitation of that compo-
nent in the form of crystals.

Liquidus: The curve giving the compositions and temperatures at which a

liquid and a crystalline phase may coexist in thermodynamic equilibrium.

LPE: Lambda-point experiment--a high-resolution determination of the heat

capacity of liquid 4He at superfluid transition (k-point).

Macromolecular: Referring to large molecules such as those found in biologi-

cal systems, where a relative molecular weight of 2000 to 5000 daltons or great-
er is implied, or those studied by polymer sciences.

Macrosegregation: The redistribution of solute atoms between the solid and

liquid phases during solidification, with redistribution occurring over distances

that are large compared to the size scale of the solid-liquid microstructure.

Martensite: A hard, metastable phase occurring spontaneously in certain rapid-

ly cooled (quenched) steels, consisting of iron and carbon with a tetragonal

crystal structure.



142 APPFNDIX A

Membrane: A semipermeable molecular barrier. The most well known exam-

ple, the cell membrane, surrounds the cell and separates the interior from exter-
nal surroundings. The typical biological membrane is a bilayer of lipid mole-

cules exposing polar head groups to both exterior and interior.

Mesoseopic: Referring to a scale of size characterizing the microstructure of

materials that typically fall in the range 10-5 to 1132 cm (i.e., intermediate be-

tween microscopic and macroscopic).

Metastable: The thermodynamic condition of a phase or assembly of matter in

which the minimum energy state is not accessible without first passing through a

state of higher energy. Such states can persist for long periods of time.

Monoclonal antibody: A single specific immunoglobulin antibody reproduced

in an immortalized cell line by artificial methods.

Monodispersions: Polymer systems that are homogeneous in molecular weight.

Monomer: A molecule consisting of a group of atoms that constitute the chain

repeat of a polymer.

Monotectic: A thermodynamic reaction in which a liquid alloy, upon cooling,

separates into a new liquid phase and a crystalline phase.

Nanomaterials: Generic designation of bulk solid and thin fihn materials pre-

pared by special processing methods to consist of ultrafine crystallites with
diameters of less than 10 8 m. Such materials have a preponderant number of

their atoms in interfacial locations and as a consequence display unusual prop-
erties.

Nanostructures: An arrangement of almost atomically thin, contiguous layers

of semiconducting materials, usually operating as an optoelectronic device. Such

devices often exhibit unusual behavior based on quantum effects that depend on

the reduced dimensions of the crystalline layers.

Nucleic acid isequence): A linear polymer of a mixture of four purine- or pyri-

midine-ribose-phosphate monomers. Depending on the type of ribose, the nu-
cleic acid is either DNA or RNA. In genetically active DNA or RNA, the

sequence of purines and pyrimidines, taken in triplets, encodes the sequence of

amino acids in a protein.

Oligomers: Polymers made up of two, three, or four monomer units.

Organelle: One of several kinds of distinct particulate bodies, either entirely

membranous or an organized unit surrounded by a membrane, found within

cells. Most organelles--the cell nucleus is an example--are associated with

important cell functions, and the cells that contain them (eukaryotic cells) are

reckoned to be more advanced than those without (prokaryotic cells).
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Ostwald ripening: The general thermodynamic and kinetic tendency of dis-

persed collections of fine particles to interact and lower their energy by exhibit-

ing shrinkage and eventual disappearance of smaller particles and simultaneous

growth and dominance of larger particles.

Peptide: Part or all of a protein. Any chemical entity including a peptide bond

(i.e., a bond joining amino and carboxylate groups by elimination of a water

molecule).

Perileetie: A thermodynamic reaction in which a solid, upon heating, decom-

poses to a liquid phase and a new crystalline phase.

pH: The negative logarithm (base 10) of the hydrogen ion concentration. In an

aqueous solution, the accessible range of pH is from 1 to 14 by virtue of the

dissociation of water. Acidic conditions have pH values lower than 7; basic+

higher.

Phase partitioning: Fractionation of mixtures based on differential solubilities

of components in two or more immiscible phases.

Polymerization: Chemical process in which individual monomers are convert-

ed into polymers.

Polymers: Substances made up of large molecules formed by the union of

simple molecules.

Polymorphie: One of many possible crystallographic forms for a solid material

of given chemical composition.

Polyphase: A mixture or microstructure containing two or more coexisting

phases.

Precipitant: A compound or solution that, when added to the solution of a

component that is to be precipitated, establishes a supersaturated condition for

that component and causes the desired precipitation.

Protein activity: The ability of a protein to perform its function. This function

may require one or more of several different kinds of activities. If the protein is

an enzyme, its activity is measured by its ability to catalyze a specific biochem-

ical reaction. If the protein is a receptor on a cell surface, its activity is measured

as its ability to recognize and bind a specific ligand and to transduce that ligand-

binding event as a chemical signal within the cell.

Proteins: Heterogeneous linear polymers of amino acids connected by peptide

bonds in sequences specified by the genetic messages encoded in DNA. In

aqueous environments, these molecules typically adopt characteristic three-di-

mensional folded structures that endow them with the properties required for the

functions they perform.
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Pyrolysis: Gasification of a condensed-phase substance with, perhaps, chemical

change by the application of heat.

Rayleigh-Taylor instability: The instability of the interface separating two flu-

ids having different densities when the lighter fluid is accelerated toward the
heavier fluid.

Receptor-ligand interactions: The collection of phenomena comprising and

attending the recognition and binding of a receptor to a specific ligand molecule

and the transduction of that event through the cell membrane.

Recombinant DNA techniques: The collection of techniques that are the basis

for genetic engineering capabilities. Included are isolation of a specific RNA

message, cloning of DNA complementary to the message, insertion of this DNA

into transferable genetic elements, and infection of a foreign host cell with these

genetic elements for expression of the selected gene.

Reynolds number: A dimensionless number indicating the ratio of inertial to
viscous forces in a fluid flow.

Ribosome: The assembly of proteins that translates a genetic instruction in the

form of an RNA message and synthesizes the encoded protein.

Shadowgraph, sehlieren: Methods of making visible the disturbances in fluid

flows by refracting light through density gradients in the fluids.

Sintering: The process of powder particle bonding and coalescence by diffu-
sion.

Solutal: Referring to alloy additions and/or chemical impurities, such as solutal
convection.

SQUID: Superconducting Quantum Interference Device that provides state-of-
the-art magnetic field measurements.

Stoichiometry: The whole-number relationship between the number of moles

of each element constituting a chemical compound.

Stokes regime: Flows with a Reynolds number of less than t.

Superalloys: Any of the complex nickel-based alloys used for high-temperature

service in gas turbines and jet engines.

Supercool: Referring to the persistence of a (mctastable) liquid phase at tem-

peratures below the normal melting point, where, strictly speaking, only the

crystalline form is thermodynamically stable.

Thermocapillary: Referring to changes in surface tension due to temperature

variations that can generate fluid motions.
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Thermodiffusion: The transport of matter induced by application of a tempera-
ture gradient.

Thermophoresis: The kinetic phenomenon in which a small particle or mole-

cule moves spontaneously and collinearly to the applied thermal gradient.

Thermosolutal: Referring to combined convection effects arising from density

gradients associated with alloy additions and temperature.

Virus: One of a complex variety of parasitic particles capable of replicating

itself by infection of a host cell and consisting in its simplest form of an RNA or

DNA genome surrounded by a coat of viral protein.

Viscoelastic: Referring to mechanical behavior in which both fluid-like (vis-

cous) and solid-like (elastic) characteristics are exhibited.

Weldments: A generic term referring to joints and connections between like

and unlike materials made without mechanical fasteners, usually by fusing the
materials together.
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