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SPACE STATION HICROGRAVITY AND MATERIALS PROCESSING FACILITY:
A NATIONAL LABORATORY DEDICATED TO U.S. INTERESTS

Harry L. Atkins
Commercialization of Materials Processing
in

Space Group
Program Development
National Aeronautics and Space Administration
George C. Marshall Space Flight Center
Marshall Space Flight Center, AL 35812

ABSTRACT
An important element of the U.S. Space Station
will be NASA's Microgravity and Materials Pro
cessing Facility (MMPF).
The MMPF will be a
national facility dedicated to extended peri
ods of low-g processing of materials for re
search, development, and commercial applica
tions ,
Processing materials and equipment will be
supplied by NASA, academic institutions, and
U.S. domestic concerns.
This paper describes the results to date of a
study to define both individual experiments
and represented complements of experiments and
their impact on Space Station design and oper
ations.
A strong impact on the Space Station design is
the requirement for acceleration levels.
The'
study indicates that "perfect" materials, with
sample sizes of a few centimeters, can be ob
tained only when acceleration levels are kept
below 10~~5 go i n the frequency regime below
ID"3 Hz.
Among operational impacts are the crew availa
bility and on-orbit sample analyses/character
ization.
The availability of crew will influ
ence the extent of on-orbit characterization
and the time to commercialization.
The re
sults so far indicate that the shortest time
to commercialization is achieved with onboard
sample preparation and
preliminary sample
character i zat ion.
The available onboard crew hours for experi
mentation will indicate the automation re
quirement and its impact on technology.
This
impact will be in addition to the technology
advancement currently being seen by the study.

INTRODUCTION
The Space

Station

program

formally became a
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reality when President Ronald Reagan, in his
State of the Union address on January 25,
1984, directed "...NASA to develop a perma
nently manned space station and to do it with
in a decade... ."
In response to the President's directive, NASA
has embarked on a program that comprises a
two-year definition phase during 1985 and
1986, followed by a design and development
phase beginning in 1987.
The Space Station Program has the broad objec
tives of supporting scientific and commercial
endeavors in space, stimulating new technolo
gies, enhancing space-based operational capa
bilities, and projecting U.S. leadership in
space-based technologies into the 1990 f s and
beyond.
The goal of the program is to achieve an af
fordable Space Station that meets the breadth
of user needs and accommodates future growth.
The Space Station is required to be "userfriendly,"
affordable,
easily
accessible,
technology transparent, and easily reconfigurable at Initial Operating Capability (IOC)
and beyond. Users will consist of NASA, U.S.
industrial companies, the scientific communi
ty, and international partners who will per
form materials processing research, develop
ment, and application testing in the low-grav
ity environment of space. This environment of
low acceleration forces is one of the primary
resources required by the materials processing
community.
The near absence of acceleration
forces significantly reduces convection and
sedimentation in molten materials and liquids.
Reduction of these forces will reduce the
gravitational limitations encountered on Earth
during the growth of electronic materials, al
loy solidification, and separation of biologi
cal materials.
This study defines a representative number of
experimental elements which in total make up
the Space Station Microgravity and Materials

als research, development, and technology
advancement, leading, where appropriate, to
industrial materials processing in space
initiatives

The MMPF will be
^Processing Facility (MMPF).
a national facility dedicated to extended pe
riods of microgravity materials research, de
velopment, and industrial materials processing
requirements and as such will provide a direct
path from basic materials research to commer
cial manufacturing in space.

•

The first (i.e., IOC) experiments and generic
facility elements of the MMPF will be housed
in the Manufacturing and Technology Laboratory
(MTL) Module. The relationship of the MMPF to
the MTL and Space Station is shown in Figure
As indicated, the MMPF accommodates indi
1.
vidual experiments and associated hardware and
those complements of experiments that can be
combined into experiment facility elements.
The MMPF is subsequently packaged into the
MTL/common module being defined by MSFC (i.e.,
Work Package 1). Depending on future user re
quirements, the MMPF may also include experi
ments contained in additional pressurized and
unpressurized modules attached to the MTL, ex
ternally attached pallets, and free-flying
Free-flying platforms co-orbiting
platforms.
with the Station will be used for hazardous
processes or extremely acceleration-sensitive
processes requiring a lower net acceleration
environment than that attainable on the Sta
tion.

The study acts as a major requirements input
source for the ongoing Space^ Station Phase B
definition studies and involves:

The proposed dual keel Space Station configu
ration provides significantly more space to
accommodate attached scientific and commercial
payloads than the power tower configuration
The dual keel permits
originally proposed.
mounting of the pressurized laboratory modules
at, or close to, the Space Station center of
gravity, where the most suitable low-accelera
tion environment will be located.
THE MIGROGRAVITY AND MATERIALS PROCESSING
STUDY
As a part of the overall NASA plan for defini
tion of the Space Station complex, the NASA
Marshall Space Flight Center, in November
1984, awarded Teledyne Brown Engineering (TBE)
the Microgravity and Materials Processing Fa
TBE f s major subcon
cility Definition Study.
tractor in the performance of this study is
the Boeing Aerospace Company (BAG). The study
is supported by the NASA Headquarters Space
Station Project Office (SSPO) Commercial Advo
cacy Group in participation with the Microgra
vity Science and Applications Division of the
Office of Space Science and Applications
The study is directed by the NASA
(OSSA).
Marshall Space Flight Center f s Commercializa
tion of Materials Processing in Space Group.
The basic objectives of the study are:
•

To establish the current and projected
Government, academic, and
needs of U.S.
industrial sectors for space-based materi

To develop the requirements for a national
space-based laboratory facility — the MMPF
— that will efficiently accommodate user
community materials research and develop
ment needs .

•

and
requirements
operational
Developing
protocol guidelines for use on the MMPF as
a national facility

•

Defining representative candidate MMPF ex
periments and payloads, based on identifi
able scientific and commercial user re
quirements

•

Analyzing representative experiments and
payload processes to establish the opera
tions, equipment, hardware, and utility re
quirements

•

Developing a recommended MMPF program, in
cluding plans for equipment and hardware
development, to support the facility opera
tion

•

Generating technology development require
ments, resource planning estimates, acqui
sition schedules, and Space Station envi
ronmental impact assessments.

The MMPF will serve the needs of a multiplici
ty of users performing a wide range of re
Repre
search, development, and applications.
sentative disciplines include:
Electronic materials
Metals and alloys
Glasses and ceramics
Biotechnology
Combustion sciences
Physics and chemistry (including
and fluid transport phenomena).

polymers

A continuing dialogue with Government, academ
ic, and industrial users is maintained to en
Require
sure representative requirements.
ments are gathered by direct contacts and in
teractions with these users as well as indi
rect contacts through consultants sponsored by
User-community requirements in
TBE and BAG.
puts are further consolidated through a varie
ty of NASA-sponsored working groups, advisory
groups, and payload accommodations studies.
The MMPF study interrelations with these other
activities are as indicated in Figure 2.
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MMPF STUDY OVERVIEW

Additional experiments are added to the PAYLIST as they are identified through interac
tions with potential users.
Figure 5 repre
sents a methodology of experiment analysis
that ensures that the chosen set remains rep
resentative.
Each new experiment is examined,
with respect to the existing experiment set,
for new equipment, resources, or operations
requirements.
If no new requirements are
identified, then the experiment is bounded by
the representative set and no further analysis
is necessary.
If new requirements are identi
fied, a full analysis is carried out and the
experiment is added to the set.

The study is structured into four major devel
opmental tasks starting with the user and cul
minating in equipment and technology plans.
These tasks and subtasks are identified in
Figure 3.
Data releases, containing all currently avail
able study results and data, are issued to
NASA and to the Space Station Phase B contrac
tors 6 to 8 weeks before each major Space Sta
tion Milestone.
The data releases consist of
four volumes:
Volume I, User Development;
Volume II, Experiment/Equipment Development;
Volume III, MMPF System Requirements Develop
ment; and Volume IV, Programmatics and Plan
ning.

Concepts are developed for each piece of pri
mary equipment identified.
The concept, along
with the projected characteristics of the re
quired experiment and its associated support
hardware, is reexamined with the experimenters
for validation of sample sizes, equipment,
utility, and consumable requirements.
An ex
ample of a conceptualized experiment facility
is shown in Figure 6.

The scope and content of these volumes are de
scribed in the following sections.
User Development - Volume I
This volume addresses User Requirements Devel
opment, Protocol Guidelines Development, and
Commercial Development. User requirements are
defined in terms of operational, functional,
and interface requirements.
The operational
and functional requirements reflect the need
to make full provision for interactive process
development, program continuity, safety, envi
ronmental monitoring and control, and storage.
Interface requirements address the standard
interfaces and utilities necessary to support
the full cycle of experiment operations and
experiment reconfiguration and integration/deintegration.
A list of 179 potential materi
als processing payloads experiments have been
identified.
This list is called a PAYLIST and
is shown in Figure 4.
Experiment/Equipment Development - Volume II
In this task, representative experiments have
been used to provide early insight into re
quirements having an impact on MTL design.
Experiments were chosen with the goal of de
veloping a representative set of experimental
support equipment, operational parameters, ac
commodations, and resource and logistics re
quirements. The criteria for selection are:
1.

Select representative payloads
major materials discipline

from

each

2.

Select representative
user sector

from

each

3.

Emphasize those payloads with the highest
probability of flying on the Space Station
at IOC

4.

Emphasize payloads
design drivers

5.

Emphasize commercial payloads.

that

payloads

are likely to be

MMPF System Requirements Development - Volume
III
The process of defining the research, develop
ment, and application requirements for a na
tional Microgravity and Materials Processing
Facility (MMPF) capable of satisfying both
known and unknown user requirements involves
many challenging questions and issues.
Re
quirements concerning the power, heat rejec
tion, acceleration environment, mission timeline analyses, payload complement tradeoffs,
and on-orbit characterization must be identi
fied.
Planning for a space-based materials process
ing program from its research phase to its
production and commercialization phase re
quires answers to many questions, such as:
•

How should an experiment
board the Space Station?

•

Where will the analysis be performed?
orbit, or on the ground?

•

How long will each stage of the experiment
al development take?

•

How often will the experimental hardware be
modified before guidelines for the commer
cial production unit can be established?

be

performed on
In

Requirements Concerning the Acceleration Envi
ronment. The influence of earth-based, gravi
ty-driven forces on the processing of materi
als for scientific and commercial applications
is particularly noticeable in those processes
in which material transport by diffusion is
masked by transport by convection or sedimen
tation.
Crystal growth in solutions, melts,
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and vapors; solidification of metals and metal
alloys; combustion phenomena; formation of
amorphous solids (glasses); and electrophoretic separation of biomedical substances are
typical examples.

space-based materials processing, the MMPF may
contain facilities to characterize processed
materials.
This characterization could in
clude analysis of size, quality, degree of
perfection, and other important operational
properties of the materials.

Numerous papers have been published during re
cent years that attempt, with limited success,
to find a correlation between the effect of
acceleration forces and the attainable degree
of perfection in crystallization, solidifica
tion, or separation processing.
In cases of
crystallization, the degree of perfection is
usually expressed as the size of a homogene
ous, defect-free single crystal that can be
grown at a specific level of residual accelerative force. Below that acceleration level,
diffusive transport dominates over convective
transport. Similar criteria can be establish
ed for other materials processes.

The procedure adopted in the MMPF study is to
work with users performing research on the
Shuttle as well as others planning such ini
tiatives and to select experiments of scien
tific and commercial potential, identify mis
sion scenarios, estimate time-phased commer
cialization profiles, establish the optimum
profiles, and identify the best mission sce
narios for commercial development.
Five mission scenarios have been considered:

Such theoretical analysis of materials pro
cesses are being used to provide guidelines
for the design and operation of the MMPF ex
periments.
Results of some of the theoretical studies are
illustrated in Figure 7.
The detrimental in
fluence of accelerative forces diminishes with
rising frequency of the disturbing force, be
cause the displacements of volume elements
within the fluid phase of the process will be
smaller at higher frequencies. At frequencies
below about 10"^ Hz, accelerations act as if
they were steady-state.
The examples shown in
Figure 7 refer to sample sizes of the order of
1 to 4 cm.

No on board characterization

•

Minimum essential characterization

•

Complete characterization,
preparation on board

but

•

Complete characterization
sample preparation

with

•

Minimum characterization with on board sam
ple preparation and "rapid sample return"
for
complete
characterization
on
the
ground.

no
on

sample
board

Results to date indicate a preference to
prepare and perform experiments on board, with
limited on-orbit analysis of the proposed ma
terial.
More extensive analysis using larger
analytical equipment would be performed in
ground-based laboratories.
The benefits of
"rapid sample return" were studied, and it ap
pears attractive since it offers to minimize
the time between experiment operations and in
dustrial analyses.
Other factors, such as re
sources,
crew time and skills, available
space, and on-orbit operation of other pro
cesses, are considered as well.

The curves shown in Figure 7 imply that "per
fect" materials with sample sizes in the cen
timeter range can be obtained only when accel
eration levels are kept below 10~* to 10"° go ,
at least in the frequency regime below 10""^
Hz. These conditions should be maintained for
periods of several hours to about 2 weeks, de
pending on the process under consideration.
Expected Acceleration Environment.
In sum
mary, the MMPF will satisfy low-acceleration
materials- processing research and development
requirements if certain design and operational
requirements are implemented.
Representative
solutions are:
positioning the processing
chambers near the path of the center of grav
ity of the Station, compensating aerodynamic
drag forces by thrusters, and restricting cer
tain operations on board the Station to t;ime
periods between critical phases of materials
processing experiments.
On^Orbit Sample Preparation and Analysis.
Utilization of the MMPF for industrial re
search and development, leading to materials
processing in space for commercial applica
tion, is a major objective of the Space Sta
tion program.
In addition to accommodating

•

Mission Timeline Analyses.
To assess and
quantify user requirements for the MMPF re
sources, mission timeline analyses are pre
pared for 90-day mission intervals.
Mission
sets and associated timelines have been as
sessed for six single-discipline and three
mixed-discipline payloads.
Full
on-orbit
characterization has been assumed for each ex
periment each time it runs.
The six single-discipline mission sets use a
45-m^-panel area (full module), a maximum of
two crewmen, and no constraint on power and
heat rejection capacity.
Mixed-discipline analyses correspond to the
HABLAB module with 22-m2-panel area and the
full-sized module (45 m 2 ).
The experiments
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are prioritized within each of the six disci
plines.
In selecting a mixed discipline, one
experiment beginning with the highest priority
is selected from each discipline.
After
choosing six experiments, the process is re
peated by selecting the next priority experi
ment of the first discipline, and so on. This
is continued until the panel areas are filled.

in the study, leading to the definition of
equipment requirements for the MMPF.
Identified candidate experiments and associ
ated equipment have been compiled in a consol
idated equipment list and separated into three
classes:
primary, characterization, and sup
port.
Technology development issues are en
countered in all three classes of equipment,
since most of the equipment items analyzed are
designed for a standard-atmosphere environment
and only a few are flight-qualified.

For both mixed-discipline and single-disci
pline sets, additional characterization equip
ment is not added if the same experiment is
selected more than once.
The mixed-discipline set with 22-m^-panel area
is the only one that could not be supported
with all necessary analytical and characteri
zation equipment.
The single-discipline timelines
show that
equipment utilization is very poor.
With so
many facilities for each experiment on board,
the available crew cannot keep up with the
characterization of the specimens immediately
following the experiment run.
Conclusions of our analysis reflect that:
1)
the lab module should be the largest practical
that is transportable by the Shuttle and 2)
the lab modules shorter than 11-m in length
rapidly degrade MMPF autonomy, versatility,
and efficiency.
Paylpad Complement Trades.
Complement trades
were performed to assess the impact of module
size on experiment complements.
Two basic
types of laboratory were examined.
The first
type, a single-discipline lab, assumes that
all of the experiments on the laboratory at
any one time are of the same discipline; for
example, a dedicated crystal growth lab.
The
second type of laboratory is one that supports
a mixed-discipline experiment complement, with
one or more experiments from each discipline
included in the laboratory at any given time.
Experiment data and descriptions are contained
in an Rtbase™ 4000 database and consist of at
tributes characterizing the physical dimen
sions, power and data requirements, and logis
tics requirements .

The activity flow for the equipment analysis
is shown in Figure 8.
Identification of a
representative set of experiments is followed
by a detailed functional flow analysis of each
experiment in the set. The equipment require
ments for all experiments are then consoli
dated.
Figure 9 shows this consolidation,
along with the percentages of equipment in
each category.
Vendors are contacted to determine the availa
bility of identified analytical and character
ization equipment.
A large amount of equip
ment is available for ground-based use, but a
very small amount of flight-qualified equip
ment is currently available.
Standard equip
ment modifications to meet manned flight qual
ifications appear to be a minor concern for
the majority of equipment studied to date.
It may be possible to combine analytical and
characterization requirements into multifunc
tioning pieces of equipment.
However, this
generally requires expertise in more than one
area of characterization, and vendors contact
ed thus far have specialized only in singlefunction types of characterization equipment.
Development of technology requirements assumes
that MMPF operations begin with IOC and con
tinue for 10 years.
These requirements will
be documented in a Technology Development
Plan, which identifies technology advancement
requirements, new equipment projections, spec
ifications, acquisition costs, and development
schedules.

This volume contains the Technology Develop
ment Plan, the Equipment Development Plan, the
Ground Facilities Development Plan, and the
Environmental Impact Analysis.
These require
ments are discussed in more detail in the fol
lowing sections.

From Space Research to Commercial Space Pro
duction.
NASA's long-range goal for Commer
cial use of Materials Processing in Space
(CMPS) is a continuation of onboard research
and development as well as the commercial uti
lization of the space environment for largescale production of new and unique materials
for use in earth and space-based applications.
NASA endeavors to stimulate and encourage en
trepreneurs to establish and operate self-sup
porting space processing initiatives.

Equi pment/Techno1ogy D eve1opment Requi r ement s.
Compilation and analysis of potential user re
quirements for materials processing experi
ments on the MMPF is one of the pivotal tasks

The fundamental strategy for achieving
goal follows a three-pronged approach:

Programmatics and Planning - Volume IV
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this

•

Create awareness of Space Station capabili
ties to support potential commercial oppor
tunities

•

Initiate and support space research pro
jects dealing with materials processing

•

Encourage early private sector participa
tion in such projects through joint part
nership agreements such as:

Products and potential applications have
been identified for several disciplines and
the space facility requirements.
Equipment,
power, accommodations, and logistics have been
estimated.
Some of the candidate materials of
interest to industrial concerns are electronic
materials, metal alloys, glasses and ceramics,
and biomedical substances.
The high-purity
separation of biological materials made possi
ble by microgravity conditions will create a
market
for space-processed pharmaceuticals.
Processing techniques, other than electrophoresis, will evolve as the experience broadens.
Space-processed halide glass fibers with ex
ceptional quality could create a strong market
demand.
In the area of protein crystals, it
is expected that the interest in biological
macromolecule crystallization will grow sig
nificantly because of its potential applica
tion in pharmaceuticals.

- Technical Exchange Agreements (TEAs), ap
plicable when the experiments use NASA
ground-based facilities (drop tower; air
craft)
- Industrial Guest Investigator Agreements
(iGIAs), applicable when NASA includes an
outside participant in an ongoing pro
gram.
- Joint Endeavor Agreements (JEAs), appli
cable to Shuttle flight experiments.

CONCLUDING REMARKS
Materials processing in space is a new field
for scientific, technical, and commercial en
deavors.
It holds promise as a source of new
and unique materials with increased perform
ance capabilities and applicatons. NASA plans
to develop and build strong scientific and in
dustrial materials processing activities on
the Space Station with users from academia,
the U.S. government, and domestic companies.
Details of representative space experiments
with a proposed progression from research
through development to production are present
ed.

Use of Shuttle flights, as well as the use of
selected ground-based facilities, is offered
without reimbursement.
Nonproprietary infor
mation is shared with NASA; proprietary in
terests of the companies can be protected.
During recent years, the number of industrial
companies showing interest in CMPS initiatives
has grown significantly.
Some of their reasons for pursuing CMPS initi
atives are:
•

Value-added knowledge to ground-based pro
cesses

•

Studies of performance characteristics en
hancement of materials currently being pro
duced and used in earth-based applications.

•

Augmenting current production methods and/
or finding alternative production methods.

•

Production of new and unique materials only
available through space-based processing.

Among some of the problems identified to date
are:
•

The cost of implementation and operation of
space experiments is high.

•

Available facilities are few.

•

Flight opportunities are limited.

•

Gestation times between initiation of an
experiment and availability of its results
are lengthy.

•

Time from R&D to commercial applications/
sales exceed normal product development
time scales.

The value of space-produced materials having
increased performance characteristics will be
a strong incentive to commercial investors,
provided that they can be assured of a perma
nent, efficient, easily accessible, reliable,
cost-effective, quick-response materials pro
cessing facility in space.
NASA intends to
develop such a facility.
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Government
Commercial Alloy Segregation
Academic
Commercial Brazing Studies
Government
Government Casting/Dendrite Growth
Academic
Government Coalescence and Ripening
Academic
Commercial Control of Supercooling
Academic
Academic
Convective Interactions
Academic
Academic
Deposition from Ionic Solution
Academic
Commercial
Diffusion Coefficients
Government
Commercial Electrodeposition
Academic
Academic
Emissivity Measurements
Academic
Commercial Eutectic Solidification
Academic
^—— '———-^
„———'"~"N-*>»^ _^———•——————f——•^.S

^^LJST^F POTENTIAL MMPF PAYLOADS
————'
• Identifies the range of payloads to be accommodated
• Supports future growth understanding
• Provides resource list for payload selection
• Serves as a guidefor distinguishing common from unique equipment

Academic
Academic
Academic
Academic
Academic
Commercial
Academic
Academic
Commercial
Commercial
Academic
Commercial

Combustion of Large Solids
Combustion Phenomena
Detonation in Clouds
Droplet and Particle Combustion
Droplet Burning
Fire Safety
Flame Propagation and Extinction
Flame Structure, Stability, Spreading
Gas Jet Diffusion
Gas Phase Combustion
High Pressure Vaporization
and Combustion
Lean Limit Flames
Liquid Pool Burning
Pool Burning
Smoldering
Solid Surface Combustion
Solid Surface Flame Spreading
Stratified Mixture Combustion

-^^^

Biomateriais Properties
Biorheology
Blood Rheology Studies
Blood Storage
Cell Culturing Techniques
Cell Fusion
Cell Partitioning
Cellular Biodynamics
Collagen Processing
Continuous Flow Electro phoresis
Fermentation Studies
Field Flow Fractionation

PAYLOAD

A. BIOTECHNOLOGY
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ADD TO REPRESENTATIVE
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•

PERFORM FULL ANALYSIS
IDENTIFY NEW OPERA
TIONAL, RESOURCE, AND
EQUIPMENT
REQUIREMENTS

•

FIGURE 5. METHODOLOGY FOR EXPERIMENT ANALYSES
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- RESOURCES
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FIGURE 6. PROTEIN CRYSTAL GROWTH FACILITY

-•——— i -in. -THICK POLYSTYRENE

-*——— FOIL (=* < mih) AL

""" CELL HOLDER
""M CONSTRUCTION

STANDARD WALL
CONSTRUCTION

I/I- IV 1/4. §Y 1/4-ip .S.AL

———— —

14-p^AL SHEET METAL

rr

5.88(9) cm
5.88 cm
3.00 cm
1.56 cm

D
d
LARGE SYRINGE DIA (l) SMALL SYRINGE DIA 1

48.3 cm
(.483 m)

N
SHALL : LARGE
NO SYRINGES

213.4 cm
(2.134 B)

HEIGHT

•

ITEM

MODULE (SYRINGES) ARRANGEMENTS

CELL HOLDER REQUIREMENTS
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10-2

A ACCELEROMETER 2
GJ ACCELEROMETER 5
OACCELEROMETER 8
0ACCELEROMETER 2
QUIESCENT TIME

10

UNSTABLE CONFIGURATION:
DENSITY GRADIENT FORCES
AND ACCELERATIVE FORCES
ARE PARALLEL.

STABLE CONFIGURATION:
DENSITY GRADIENT FORCES
AND ACCELERATIVE FORCES
ARE ANTI-PARALLEL.

100

FIGURE 7. CRITICAL ACCELERATION LEVELS AS A FUNCTION OF FREQUENCY

O FES MEASUREMENT
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I
1 -PROTEIN CRYSTAL
2-TRIGLYCINESULFATE CRYSTAL
3 - 1-cm-dia BRIDGMAN CRYSTAL (STABLE CONFIGURATION)
4 - 2-cm-dia BRIDGMAN CRYSTAL (STABLE CONFIGURATION)
5 - 1-cm-dia BRIDGMAN CRYSTAL (UNSTABLE CONFIGURATION)
6 - 4-cm-dia BRIDGMAN CRYSTAL (STABLE
CONFIGURATION)
7 - 2-cm-dia BRIDGMAN CRYSTAL (UNSTABLE
CONFIGURATION)
8 -4-cm-dia BRIDGMAN CRYSTAL (UNSTABLE
CONFIGURATION)
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FIGURE 8. EQUIPMENTATECHNOLOGY DEVELOPMENT REQUIREMENTS
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(VOLUME V)

DEVELOPMENT
PLANS

EQUIPMENT
AND
TECHNOLOGY

AUTOMATED
CUTTING/POLISHING UNIT
ETCHING EQUIPMENT
METALLOGRAPHIC
MICROSCOPE
STEREO MACROSCOPE
ULTRACENTRIFUGE
HIGH-RESOLUTION X-RAY
DIFFRACTION

FIGURE 9. CATEGORIES OF MMPF EQUIPMENT

3-AXIS RECORDING
ACCELEROMETER
DIGITAL PRESSURE
TRANSDUCER
DIGITAL RECORDING
OSCILLOSCOPE
CAMERAS, CAMERA LOCKER
CHEMICAL SUPPLY STORAGE
CLEANING EQUIPMENT
ELECTRONICS WORKBENCH
FLUID-HANDLING TOOLS
FLUIDS GLOVEBOX
PARTICULATE GLOVEBOX
pH METER
FREEZER
SPECIMEN CONTAINERS
VIDEO FACILITIES
WASTE DISPOSAL SYSTEM
WORKBENCH
WATER DEIONIZER/
DEPYROGENIZER
CONTAINERLESS PROCESS
ING SYSTEM
- ACOUSTIC
- ELECTROMAGNETIC
- ELECTROSTATIC
- FREE FLOAT
- GLASS FIBER
DIRECTIONAL SOLIDIFICA
TION SYSTEM
- MEPF
- AADSF
ULTRA-HIGH-VACUUM
SYSTEM
LARGE-BORE (4-in.)
BRIDGMAN WITH STRONG
MAGNETIC FIELD
FLUID EXPERIMENT SYSTEM
VAPOR CRYSTAL GROWTH
SYSTEM
GEOPHYSICAL FLUID FLOW
CELL

