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FOR FLUID SCIENCE EXPERIMENTATION

R.Monti - University of Naples, Institute of Aerodynamics "U.Nobile”

Lectures Notes for the ICTP Workshop on Space Physics:

Matcrials in Microgravity

i. INTRODUCTION

In what follows an attempt is made to categorize the Fluid science experimentation arcas
and to consider a number of aspects that appear of interest in deriving guidelines for the
design and operation of multiuser facilities. In particular requirements of FS
experimentation and of the Columbus scenario will be discussed for the operational
conditions that affect the microgravity experimentation in Fluid Sciences; criteria for the
conceplion of new multiuser facilitics are given that are able 1o cope with the requirements
of the user community and with the constraints of the APM.

The requircments from the uset community and the (evolving) APM environment and
features suggest Telescience as the best operation mode for reaching the goals of Fluid
Science activities in a near future. It is therefore appropriate to consider the implications of
the FS Facilities design and operation on Telescience and on the Space and Ground

segments of the Columbus projeci.

2. FLUID SCIENCE EXPERIMENTS

All the Micregravity Sciences experimentation is related 10 the behaviour of fluid in a
microgravity environment; however, conventionally, one may refer 1o Fluid Science
experimenis as those that utilize the typical instrumentation and diagnoslic equipment in
use in classical Fluidynamics and Physics of Fluids for the swdy of the

thermoflvidynamic ficlds that are established inside fluid specimens (generated by
cxternal or intemal stimuli). This implies that ofien in Fluid Science (FS) transparent
fluids are employed logether with illumination, visualization and non invasive
measurement (echniques.

The main feature that characterizes most of the FS experiments is that no specimen
retrieval is necessary at the end of the run, since all the measurements are performed
during the course of the experiments.

A fitst classification of the possible areas of research can be made in terms of Basicand .
Applicd rescarches (See Fig. 1, Ref. 2); these last have a special meaning in a

microgravity context and indicate experimentation performed in support of the applicative
Microgravity Sciences (i.e. Material, Life and Engineering Science) simulating the

processcs that take place in fluid systems.

. Basic FS researches themes need not to be discussed in this context.

Support rescarch themes for MS, LS and ES are typically suggesied by the nced of
understanding the complex processes that cannot be monitored and or visualized during
the experiment itself but can only be assessed on the basis of an end product (e. g.
metallographic examination of a solid specimen, separation during an electrophoresis
process, heat transler coefficient of a heat pipe).

Typically the end product is the result of many, time inlegrated, heat and mass transfer

. processes in mulliphase media; FS simulation experiments try to separate effects, to

understand causc-cllect relationships by looking inside the specimen, and to follow the
processes on-line with the aim of optlimizing the process itself (e. g. crysiat growth, cell

culture, heat transfer processes).



Past experience tends to show that the success of MS and LS processing in microgravity
is achicved through a sumber of sieps:

1. Explomatory experiment, that qualitatively assesses the microgravity relevance
and bencfits

2. Computer modelling and simulation experiments for mastering the relevant
phenomena and processes

3. Prototype experiment for Space ptocessing

For most of the application arcas we are still at the first mep; it is expected that many
other simulation FS experiments will be suggesied when Space activities in Material and
Life Sciences will be resumed,

Many times support experiments try to fill the gap between initial exploratory

experimentation and Space processing with the aim of separating different effects for a
better comprehension of the phenomena, of understanding the processes, measuring
paramelers, masiering and controlling the phenomena and, eventually, optimizing the
conditions for Space processing. ‘

Geometry, aspect ratios, dimensions, Prandil and Schmidt numbers are the typical
parameters that are of interest for devicing simulation experiments; however, support
experiments sufler sometimes by the lack of "equivalent™, transparent, low temperature,
chemically inert fluids that can simulate the behaviour of the fluid of interest.

According (o the above mentioned types of experimentation, another categorization of the
FS experiments could be made in terms of the experiments objective and of the degree of
sophistication: quick-look exploratory or quantitative data collecting experiments,

This second classification may have s greater impact on the Facility requirements
(ducation of experiments, Facility type and operations) that will eventually dictate the
design criteria for the Flight and Ground equipment.

Short duration experiments, of exploratory Lype, that require a large percentage of crew
involvement (setting, manipulation, termination) wifl be accepted with difficulty in a

Columbus context, unless an ad hoc multiuser facility Is being conceived that Is very

Nexible and that plays the same role of a general w;poue wind tunnel in aerodynamics.
For the quantitative experiments the type of the diagnostics, the telescience operations, the
long duration of the experimeatation, the degree of complexity of long lasting mulijuser
facilitics suggest that there is no ceason why the shit-sleeve way of operating the Facility
should prevail and the experiments be conducted as in Ground Laboratories. The unique
environment and the implications of Space operations (large costs and long times for
preparation) makes the microgravity experimentation completely different from that
carricd out on ground, where learning by mistakes is a current practice. Previous
experience with FS facililies for Spacelab for which the shirt-sleeve ground Laboratory
approach was famillar 1o the users, 10 the Facility designers and Manufacturers and to the
Payload Specialists is not applicable to the design of Columbus FS Facilities.

In fact, it would not be suitable to repeat, in a Columbus context, the Spacelab (SL-] and
D-1 missions) operations that have shown how difficult it is to operate a multiuser FS

facility on tight time schedules. High level expertise and Jong PS training avoided major

troubles from the very strict sequence of operations, the unexpecied events and the .

impossibility of keeping ncither the absolute timing of the experimnet {i.¢. the MET of the
experiment start) nor the relative time {i.e. lhe.scheduled experiment duration).

A final consideration may be of interest for future Fluid Science experiments to be carried
out in the Columbus segments.

- A large number of Material and Life Science experiments in microgravity look for the

diffusion controlled processes, not1 jeopardized by the buoyancy induced convective
motions. The difficulty is that, even though no convective motion s induced In orbit, the
processes are aot easily controlled: controlling purely diffusion processes in microgavity
might prove as difficult as controlling ground "natural® convection (due to the one g-
lcvel). In fact speaking of zero-g, diffusion controlled processing does not imply that one

can control the diffusion; in most of the practical cases (unsteady conditions, three

- dimensional fieids) the dilTusion processes could be evaluated but not conirolled (e.g. the

concentration gradients evolution over a growing crystal surface). In some cases, instend,

an amount of controllable convection could be beneficial for the problem under

consideration,
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The above remarks lead to three preliminary considerations about the experiments of

interest for Columbus elements, that represent the input 1o FS Facilities design criteria:

1) Special, geneml purpose microgravity Facilities bave to be conceived (o carry
sequences of short duration explomlory experiments
2) Long dumtion, quaatitative FS experiments will be run in a mode that may be

enlirely different from that in use in ground Laboratories; ¢.g.conirolled directly by

the Pl from ground

3) Experimeats that would benefit from the control of convective transports should be -

accomodated in special Facilities with provisions for inducing a controlled

amount of convections in the test specimens.

3. CONSIDERATIONS ON FS FACILITIES DESIGN

Designing a facilitiy for Columbus elements today, is a dilTicult task because of the
possible assumptions about the configurations of in orbit and of ground scgments, The
risk is that the design will be nothing bui an exercise that will generate a number of
requests 1o ESA or to NASA. An additional difTicully exists: the 5/S scenario will be
necessarily evolving in time 5o that a Facility designed for one configuration (say the
Initial Orbit Configuration, JOC) will not be optimized for a subsequent, more favourable
scenario {(and viceversa). To obtain a sulTicient degree of efficiency, all during the entire
Facility life-time one must design the Ficility as a modular system that cvolves in ime
together with the Space and the Ground segments.

Let us try 10 make a number of feasible assumptions in the scenario that would represent
the requirements for a convenient exploitation of the microgravity cavironment and that
will lead to the specifications of the operational scenario iﬂ which FS facilities should .
operate.

The assumptions sefer 1o the following points:

1. Type of skill ang amount of crew time available on board

2. Life time of the Facility

3. Manned and /or man-tended periods during the Space Station life

4. EDRS characterislics

5. Ground segment and suppori Centres
Ideally the user would select the above 5 faclors to optimize the scientific retum of the
Space operations and then design the Facilities accordingly; in practice many of the above
factors are imposed by considerations other than users requirements.
In what follow we try 10 identify what are the parameters that affect the Facility design
and 1o derive applicable guidelines for conceiving new Facilitics to be operated, ten ycars

from now, in Columbus clements.



Man will be available in Space and help running expesiments. In the final &S and
Columbus Sceaario it appears logical and safe to assume that crew members (or PS) will:

a) perform all the needed manipulations o beard the APM (installation, removal
and storage of amples, facility setting, eic.) together with any minor equipment

repair, refurbishment and Facility upgrading.

b} pecform the major Facility settings during the man-tended phase on the MTFF,
together with the loading and removing of the samples canisters (or similar) and

with equipment repairing, refurbishment and upgmding.

The above requests are in linc with the probable lack of specific scientific expertise on
board during the entire operation time of the Space equipment. In the above scenasio the

P1 himself should conduct his experiment and interact with it in a telescience mode by

receiving data on-linc and by sending appropriate commands from an equipped user
Support and Operation Centre.,

When specifically required and in very special cases the P himself can fly and perform
his experiments on board (as it was done in SL-3 with the USA Drop Dynamic Module).

There are difTerent times that are related 1o the Facility operation and that strongly affect its
design: Platform life time, Facility life-time, number of hours of operation of the Facility,
obsolescence of the technologies utilized in the equipment, projection in time of the users
interests. All these time factors must be taken into account in conceiving a Columbus
Facility. Synchronization and maiching of these lime factors are necessary lo mantain
acceptable values of the benefil; cost ratio during all the operationat life of the Facility.
Howecver the coutraddicting requirements and the difficulty of predicting these time

factors call for great fexibility and modularity of the Facility and its subsystems.

Platform construction schedule wiil influence the Facllities deaign critera. Furthermore

the decisions related to the presence of the man on i:oard of the Columbus elements will
also have a direct impact on the microgravity experimentation. A good example is the
debated problem of the Assured Crew Retum Capabilities (ACRC) that could be solved
by an orbiting Safe Haven, by a Crew Emetgency Retum Vehicle (CERV) or by an

expendable vehicle 1o be sent from ground; the selected solution will strongly influcace
the meaning and the time extension of the Early Man Tended Capability (EMTC), If this
period is substantially exiended in time, or if emergencies (or other rcasons) occur that
suggest the Crew 10 be evacuated for long periods of time, then one could be forced to
openrate experiment Facilities in a man-tended mode (even in the APM). Facilities that will
exhibit the greatest utilization will be those thal can be operated both in a manned and ina
man tended mode and that are designed accordingly.

Telelink through DRS system, is also an essential factor in the Facility design. The main
features of specific interest are: coverage, time delay in data transmission and number of
Mips avatlable; limitations in any of these factors reduces the Telescience operability of
the FS Facility,

FS facilitics and experiments ate those in greater demand of teielinks for Telepresence,
Telemonitoring, Telecontrol and for on-line quantitative data acquisition (typical two-
dimensional and three-dimensional diagnostic data request a high rate data acquisition
system). Partial covernge, a3 that resulting from two (instead of three) orbiting European
Data Relay Satellites may be detrimental for Telescience implementation and may suggest
the implementation of special devices (e.g. expert system and/or Antificial Inteiligence) in
the Facility to guarantee its operability during the Loss of Signal (LOS) periods. Time
delays in the downlink and uplink transmission also limit the Interactive operations of the
PI during the experimentation; for instance jt would be very difTicult 1o manage
experiments whose characieristic times are much shorter that the delay times than occur
between the control data (being sent to Space) and the video images, corresponding 1o the
coatrol data ncquisition (being received on ground).

Typically diagnostic equipment for Fluid Science experimentation generate a very large
amoun! of daia (video images, thermography, interferometry, holography, etc) that easily
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satusste the DRS channels, if no provision is lakcn (c.g. data compression, on board pre-
elaboration, on board decision making, etc) that also affect the design of ihe subsystems
of the Facility.

Ground segment and Support Centres where preflight, during flight and post flight
activities take place, are essential elements in the design and operation of FS multiuser
Columbus Facilities. Specific FS discipline orieated requirements on Ground Segment
come froim: 1) the area of invesfigations (indicated in the previous Section), 2) the typical
parameters to be measured and controlled, 3) the fact that Fluid Science experimenis are
often more demanding in terms of on-line crew atiendance and, finally, 4) the faci that
very oflen real time and/or off-line resulis could be made available much faster, since the
P1 is not supposed to wait until the sample is retumned back to him for examination.

These considerations explain why an FS experimentation could be less dependant on crew
schedule (PS retum to ground for APM, refurbishment schedule for MTFF) and suggest

that recording and storage of cxperiment parametcers on-board support systems, like tapes, .

films, hologsaphic platcs, ctc., that aeed to be brought to ground for data retrieval, should
be avoided, whenever possible, in FS experil_ncnlalion.

Telescience operational philosophy for Fluid Science is, thercfore, really needed and
possible at the same time; it allows the user (Principal Investigator) to be direcdy invelved
in the mn of his experiment and, consequently, guarantees, with respect to the traditional
way of performing scientific tests, a number of relevant advaniages. The Telesclence
mode of opeliﬁom is aimed at obtaing the lollowing goals:

1) a more rational conduct of the experiment because of the control and involvement of the
P1 that, on the basis of his cxpertise, can modify the experimental conditions in order to
best utilize the available time; 2) on-line quick analyses and experiment assessment that
will contsibute to greater scientific retums; 3) utilization of the support of ground facilities
(that do not sufler by the lypical Space contraints of volume, mass, power, etc.). This
philosophy will prove 10 be a powerful driving force and will lead 10 the implementation

in Space of new technologies such as Automation and Robotics, Expert Sysiems,

Anrtificial Intelligence, eic.

Telescience operational mode is obviously an efﬁciem way to drastically reduce crew
1asks and activitics aliowing a less stringent need on training astronauts about unfamiliar

scieaiific operations and (o focus their attention in systems magagement.



4. GUIDELINES FOR A FLUID SCIENCE LABORATORY FSL DESIGN

In sn APM context the Fluid Science Laboratory (FSL) is intended as a multirack (say 4
macks), multifacilicy sapparatus in which FS experimeniation takes place.

It is obvious, from the above considerations, that from the microgravity users point of
view the best solution would obviously be 1o dispose of a high skili on board, of a long
life-time Facilily that could be dperated, at any time, also from ground by the P1 sitting in
his Home Base with the support of all the possible cxpertise (man, machines, Expert

sysiems, etc). This is a wishful thinking that is closer to a dream than to reality . Strong ™

compromises will have to be found in recognition that the microgravity users are not the
oaly people utilizing the Space Station and that the decisions on the Space Segments are
tsken mainly on the basis of other considerations.

To avoid stronger and mironger conditioning of the Columbus environments, must iry

reduce the Payload in the Space platform by locating on board the essential minimum in

terms of Hardware and Software and by removing and bring to ground whatever possible
{man, H/W, S/W, Expent Systems, Elecirpnics) where they can operate, grow, be
upgraded and substituted without major problems and without interfering with Space
systems.

FS diagnostics should, for instance, make extensive use of all ihe devices for transmitting
data 1o ground (e.g. digiation, TV cameras, on-board preclaboration) and should take
advantage ofbn-gmmd elaboration facilities (1o be regarded as an essential complement
of the on-board diagnosiic systems). Each on-board Facility must have, as ground
counterpart, equipment and structure that allows support activities to be carried out:
designing a FS facility for Columbus imply also the design of ground Facilities (Fig.2).
For instance it is necessary 10 sct up dedicated laboratories on ground endowed with the
typical research (ools in use in the field of microgravitational fluidynamic, (e.g. optical
Isboratories with thermocameras, Schlieren devices, interferometry, illumination systems,
etc.). It appears essential also to dispose on ground of Functional Models of the Facility,

Le. functional replicas of the on-board device. The Functional Mode} will be 2 working

100l on ground that can be used for ground experimentation, for diagnostics development,
for refurbishement simulation and for allowing a continuous upgrading of the Facitity 10
include new technologies, Other requirements are dictated by the Pls and are related to the
Support Equipmest that FS cxperiments may require during the microgravity
Investigations. For instance the possibility of experiment simuations, physical and
numerical, run in parallel with the microgavity experimentation {like the control
expetiments in use in Life Science) should be offered to the user community.

Test Beds activities ate also essential when interactive operalions are foreseen, It is
important (o point out that the Telescience opemtions decply afTect the training of the PS
and of the PI and demand the availability of Facilities at the USOC. The training for the
experiment on a specific Facility should involve all the people that partecipate in the
expeziment execution. There are two types of trainings: 1) a traditional one, that strictly
follows the schedule of on-board and on-ground operations and 2) a specific (rining for
the intcractions between Pl and PS in Telescience investigations.

In both cases the most important training tool is the Engineering Model (EM) of the .
Facility. Parallel updating of EM and FM is also essential. In fact not only the present but
also the following crews, that were not invplved in the development of the multiuser
Facility, have 1o be trained and it would be dangerous for a PS to be trained on a version
of the Facility and 1o find, on board, a difTerent one.

In conclusion the best w;; of conceiving the Fluid Science Laboratory is as an integrated
apparatus composed by a Space and s Ground part.

The Space part is basically composed by stimull actustors and disgnostics sensors.
Modularity and flexibility call for different diagnostic modules (typically non invasive)
that arc assembled around a test section conlai;:in; the fluld under study. The assembling
of there modules appears very difficult if one thinks in terms of large diagnostic
equipment but could be solved (even by telemanipulation) if exiensive use is made of
optical fibers {active and/ar passive) that connect the different modules {e.g. Hilumination
Sources, intesferometry, TV cameras, thermographic cameras, etc) with the test section.
In this way complex displacements of large equipment will be avoided and volume

wtilization (diagnostic modules will stay in a dedicated mck and the fiber optics tip will be



moved around) will be optimized. This modular solution will:

1) favour the FS facilities, that compose the FSL, to be identified for their containment
modes (fully contained, partially contained, containerless, convection controlled),

2) avoid problems of duplication of diagnostic equipment

3) make it possible the substitution of obsolete diagnostics (that are developing mther

fast)

The Ground Equipment, that should be available at the USQC 10 support Fluid Science
Telescience experiments, may be defined by considering the_diagnostic systems needed

by the P for the conduct of his experiment. Two categories of diagnostics exist:

A) Oo-line:
1) for monitoring, for quick look analysis and/or for experiment control,

2) lor quantitative measutements.

B) OfF-line:
1) for experiment assessment and decision makings {(rerunning and rescheduling)

2) for final experiment evaluation.

Fluid Science experimenis performed so far have made mainly use of ofI-line diagnostics
of Lype 2).

Future Telescience activities call for efforts in the development of all kind of on-line
diagnostics and of off-line type 1) systems.

Og-line quantitative control and measurements require strong compuling supports,
especially when parameters al many ficld points are to be computed.,

An appealing concept is the non intrusive computerized diagnostics, aimed at helping on-
line Telescience experiment controls. En many instances, in fact, one would like to control
the experiment by parameters that are not directly measurable or that would require

intrusive probing. Ofien these quantitics can be computed, through numerical models and

by fast compuiers, by utilizing experimental pum;aeleu measured at different locations,
(c.g. at the test cell boudaries). The ground part of the Facility in this case will be able 10
"measure” (by digital computation) and display lemperatures and velocities at inacceasible
internal poinis of the fiuid sample and to control the experiment {¢.g. by sciting boundary
conditions at subsequent lime sicps) with the most appropriaic logics (Fig.3).
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