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NANOMOLECULAR BIOSENSORS AND THERAPEUTICS

James R. Baker, Jr. MD
Center for Biologic Nanotechnology
University of Michigan
Ann Arbor, MI

We are developing nanoscale biosensors and bioactuators for use in astronaut health and safety
monitoring. This involves nanoscale polymer structures less than 20 nm in diameter as the basis of the
sensor/actuators. The structures would be designed to target into specific cells of an astronaut and be able
to monitor health issues such as the exposure to radiation or infectious agents. These molecules would
also be able to administer therapeutics in response to the needs of the astronaut, and act as actuators to
remotely manipulate an astronaut as necessary to ensure their safety. A multidisciplinary team, involving
disciplines including nanotechnology-based materials science, bioengineering, bioinformatics and
medical sciences, performs these studies. We will use these different disciplines to converge on the
design and manipulation of the nanosensors, and the development of a non-invasive system to interact
with the sensors through multi-spectral fluorescence analysis. Because of these broad requirements, the
research involves a multidisciplinary team from the Medical, Engineering and LS&A schools at the
University of Michigan, and is funded to train multidisciplinary scientists at the pre-graduate level.
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Why Packed Bed Reactors in Microgravity?

=  Motivation
» Packed Bed is the ‘workhorse’ of the Chemical Industry.
—  Used to carry out many single and multiphase reactions

— Used in many Unit Operations (Gas Absorption/Purification,
Extraction/Leaching, Adsorption/Chromatography, etc.)

» Considered an “enabling technology” for long duration manned space flights

—  Water Recovery (catalytic beds/biological reactors) Critical Technology

—  Air Revitalization (CO, absorption) Severely Limiting

[Workshop on Critical Issues in Microgravity Fluids, Transport and Reaction Processes, NASA-TM-212940-
2004]

=  NASA funded grants and projects
» University of Houston, V. Balakotaiah (Principal Investigator).
— M. McCready, U. of Notre Dame,
—  B. Motil, NASA GRC; Y. Kamotani, CWRU
»  Purdue University, S. Revankar (Principal Investigator).
» AHLS-1 flight definition experiment.
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Similarities and Differences Between 1-g and 0-g
Cocurrent Downflow Through Packed Beds

Low Interaction Regime (trickle flow) does not exist without gravity.

All fluid flow is driven by pressure gradient with capillary and shear forces
playing a more significant role. No steady countercurrent flow.

Pulse flow occurs at a much lower flow rate and enhances interaction.
Liquid holdup in 0-g 1s 100%
Pressure drop measured in 0-g is the true frictional pressure drop

Spray flow is inertia driven and not effected by change in gravity.
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First Experiments in 0-g

» 12 flights - over 300 test conditions flown on
NASA KC-135 aircraft (20 sec/run)

Y

Rectangular cross section

2.5cmx 5 cm x 60 cm long

High speed video (500 fps)

0.03 <G < 0.8 kg/(s m?)
3 <L <50 kg/(s m?)
0.18 <Re; <100

8.5 <Regg <175

4% 104 < We (< 0.2
900 < Su; < 365,000

YV V V V V V VYV V V VY

5 differential pressure trans. (1000 Hz)

2 mm and 5 mm spherical glass beads

Air and Water-Glycerin (1 to 20 cP)
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Microgravity Experimental Results Compared to Talmor Map
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» Bubble-Pulse transition is a function of gas and liquid Reynolds numbers and the
liquid Suratman number, where:
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» Scatter is increased in the microgravity environment, an indication of the degree to
which the capillary or surface tension effects are masked by hydrostatic head.
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Pressure Drop

» Dimensionless pressure drop:

— 1
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»  Apply limiting cases in terms of the Ergun equation:
1. In limit of zero interfacial tension between fluids, reduces to single phase.
2. In the limit of zero gas flow, reduces to single phase.

3. In the inertia dominated limit, the friction factor should be independent of
the interfacial and viscous terms.
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» Determining parameters by regression, reduces to (two-phase friction factor):
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v

psi

Pressure Drop & Pulse Characteristics with varying g

Pulse amplitude decreases with increasing gravity.

4 [y - =, leracial——=
N
4.0
45— /
-5.0 —{|Developing
I | | | | T T T T T
0 10 30 40
seconds
Microgravity High Gravity Difference
(10-18 s) (32-40 s)
Average Pressure Drop | 4.15 psi 4.75 psi .6 psi
Pulse Amplitude 2.22 psi 1.69 psi .5 psi




TTOA/SOCETZ-700c—dO/VSVYN

qT

Summary

»Flow regime and pressure drop data was obtained and analyzed
»Pulse flow exists at lower liquid flow rates in 0-g compared to 1-g

» 1-g flow regime maps do not apply in microgravity

»Pressure drop 1s higher in microgravity (enhanced interfacial effects)

Work in Progress

» Flow Regimes and Pressure Drop with Alumina/Catalyst Particles
[Summer, 2004 ]

» Flow Regimes and Pressure Drop with Structured Packed Beds (2-D
beds and monoliths) [Summer/Fall 2004 ]

» Mass Transfer Studies in Microgravity
Gas-liquid interfacial area
Gas to liquid mass transfer coefficient
Solid-liquid mass transfer coefficient

» Modeling/Computational and Scale-up Studies

B.J. Motil, V. Balakotaiah & Y. Kamotani, “Gas-Liquid Two-Phase Flow Through Packed Beds in Microgravity”, AIChE J.,49,557-565 (2003)



GRAVITY AND GRANULAR MATERIALS

Bob Behringer
Department of Physics
Duke University
Durham, N.C.27708-0305
Phone: 919-660-2550; Fax: 919-660-2525; Email: bob@phy.duke.edu

Granular materials present a host of challenging questions that must be addressed if mankind is to
successfully deal with locomotion on uncertain soils and to process soils from lunar or Martian
surfaces for key life-sustaining materials. Here, we are particularly concerned with the behavior
of dense granular materials, and the way in which such materials change from effective solids to
fluids. It is critical that we understand this type of behavior in particular if we are to have rovers
that do not get stuck and handling systems that do not jam or break. We begin by noting that
granular handling systems on earth are sources of significant problems for industry. Failures of
granular devices occurs on the order of 100 times more often than fluid-related devices. And
granular processing facilities typically operate well below design. Unlike fluid flows, the basic
equations for describing dense granular flow are still a matter of open debate. It is crucial to have
careful well-designed experiments and simulations that provide the basis for theory. The Gravity
and Granular Materials Flight project involves such a study. In particular, it focuses on the
transition between dense and more fluid-like states. A key point here is that earth's gravity
consistently compacts granular materials, so that it is impossible to provide a true characterization
of the rheological properties of granular materials. Nevertheless, a ground based study has shown
that this transition has a particularly novel character. The experimental part of this project is
carried out in an annular channel that allows shearing from above and vibration from below. The
latter feature gives us the ability both to partially compensate for gravity and to provide a kind of
'thermalization'. The fluid-solid transition see in these experiments is particularly striking
because the system freezes--becomes an ordered solid, as a result of increasing the effective
temperature due to vibration. A parallel aspect of these studies are Molecular Dynamics (MD)
simulations in both 2D and 3D. These simulations provide insights into the expected behavior of
a flight experiment--information that cannot be easily accessed with earth-based experiments.
And it also provides key insight into new ways of modelling granular systems. In particular, in
these studies, we have investigated the role played by order-disorder associated with the elastic
energy stored in the grains. This work is in collaboration with Drs. O. Baran, K. Daniels, and
L. Kondic.

NASA/CP—2004-213205/VOL1 16
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Gravity and Granular Materials

O. Baran, R. P. Behringer, K.
Daniels, and L. Kondic

Support: NASA NAG3-2372, NNC04GA98G
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Outline

Practical problems

Basic properties of granular materials

2D shear—insight into role of force chains...
3D shear—structural phase transition

Conclusions
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Practical Problems—Dense Granular Materials

* Commercial granular systems operate at only 63% of
design (Rand Corp. Study, Rept. R-3216-DOE/PSSP,
1986)

e Granular devices fail 100 to 1000 times more often
than other building structures (J. Eibl, 1984)

* Examples—
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Some Examples of Granular Catastrophes




Catastrophes, Continued

NASA/CP—2004-213205/VOL 1 21
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Relevance to Martian and Lunar Exploration

* Rovers and other vehicles must negotiate uncertain
terrain

* Mining for essential life support materials (e.g.
water...) must function without fail

« Landings, including effects from rocket exhaust
depend critically on soil conditions
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Examples—Rovers in the News
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Entertairment
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wjestier your CV and

et your newr career find yow fﬂb‘s xﬂmni:':'-"':”""

SLOTSMEIL G
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Tu= 20 D=z 2003

Scientist hope that the
Beaghe's landing site
has not swalowed up
theMars mission's

| =igna.

|— printer fiendly =7 emai article

Silent Beagle could be stuck in large crater
ALASTAIR DALTON SCIENCE CORRES POMND ENT

FIRST they admitted that communicafions between Beage 2 ard the nearest
spacecra’t had never been tested . Mow scienists keading Britmin = Mars mission
have revealed that the probe may be standed in a deep orater, which was only
spotted 20 minutes after the craft was due to land.

The ktest potertial s=tock for the Open Universite-led t=am was meveaked
yesterday, as the fate of the 143b probe coninued to "ude afronomer s,

H Lerd Sairsbury, the =ci inizt ested the government would
rard = Dok 3 rebomion B il e S = gEeEmme .

Thursday, 23t April 2004

Mars exploration: Page= 2

m MASA icy 2z Buope finds
water on Mars (24-Jarrod )

m Fimal bid to cortact Beagle

2 (24~ Jan-04)

Iars probe hits "s=ious

problem’ (23 Jarrod)

m MASA fears for Mars Spirit
roveras signal fades o a
fantbesp(23-dar04)

m Mud on the 'magic carpet’
could prove dat there's life
on Mars (22-Jarro4 )

Euszhcalls for manned
flights to Moon and Mars
{15-Jarrod]

m B=agle 2 probe =t silent
{10-Jarrd

m Mars miszion iz nest giant
step for Bush (09-Jdar04)

m B=agle lies low
[0 =] g dutN]

Fresh attempt fo cortact
B=agle 2 0E-Jan-04)
Fictunes capure the spirit
of Mars (07-Jarrd )
MASA probe bnds safely
on Mars and s==nds back

‘outstandng pictunes
{01 - bk
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Rovers 1n the News

23 April 2004
Home
NEWS SECTIONS

Tasmarnia
Maional
World
Buriness
Ererainmerm
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lukimedia
CLASSIFIEDE
aneral
Joks
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Trawvel
AnncUuncemens
Personals
Feal Essate
Face an ad

i ilar b
P V5 ILED AN E
SERVICES
Hame celivery
Bury a phow
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Tas Web links

v MERCURY

BEREAKING NEWS

This story is from ouwr news.co mau netwark Source: AP
ba ck » PRINT-FRIEMDLY VE RSION » EMAIL THIS
= ~  ETCHT

Mars rover stuck in crater
From comespondems in Pasadena, Califorria

THE Qpportunity rover slppad down a sandy uphill slope as i tried
o lkeave the crater it hasexplored since landing on Mars nearly twao
mamhs ago, mission scientisis =aid.

The six-whesled bao! tried driving out of the cater yasierday, bur
the =oft martian terrain prevemed i from doing 0, NASA's Jeat
Fropulsion Laboratory said. Contoliers planned o try a sacond way
ouf of the craer oday.

Gfpnr:un'n].r landad inside the 21-metre diameier cracer on January
24

HaFway around Mars, Opporiunity’s twin rover, Spint, has been
explkring the rim o afar lrgar c@ter.

MASA launchad the $US820 million ($1.1 billion mission to search
Mars for evidence the planet once was aweller place. Opporiunity
already has uncovered such evidenca.



in the News

Rovers

NASA/CP—2004-213205/VOL 1 25
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Complications of Martian soil

Goa | Susegado | Feed back Sex

Home« Farums « Special Hews

Images from Mars rover raveal mysterlous clumps

Sbmbwe by CCEMEAFEOT on 18 Jamary, 00H - 1255 am
Tide: [IMages from Mars rover reveal mysterious clumps
Scientists baffled by sandpaper-like patches on surface

Publication:

Author: By Dasid Perlman, Chronicle Sxaf Editar

Short des=cripion: The images that Spirit ==nt down from its Marian parking spot, a few festinfront ¢
its landing pad , was a flat patch of fine- and coarsegrained sond -- much of it suck together in
clumpy patches that scierizts concedad they dd not yet understand .

ws Py

Arficle:
Fasadena -- Ec=alic sciemizs usad the Mars over's powarul cameara
Friday 1o take the firsl chose-up images ever made of the Marian
surace and immediately comroned a new mysiery over whas they saw.
The images that Spirit ==nt down from its Martian parking spot, a few feet in from of its
landing pad , was aflat patch of fine- and coars=-gmined sand --much of it such ogeter
in clumpy patches that scientists conceded they dd not yet understand.
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Some Basic Properties of Dense Granular
Materials

Forces are carried preferentially on force
chains

Deformation leads to large spatio-temporal
fluctuations

Preparation history of granular samples
matters a lot

Gravity compacts most materials, making
discovery of their true behavior impossible



Example of Force Chains—Shear Experiment

NASA/CP—2004-213205/VOL1

28
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Example of Force Network Evolution
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Force chains evolve and break under vehicles

pull at constant
average V
measure F(1)

‘c

‘- r
()



Force chains form and break—making
“avalanches”

NASA/CP—2004-213205/VOL 1

32
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Stress avalanches can predict slip/failure
Stick-Slip Motion

n T
g w AF (build-up)
g
=2
A
Y
o
& At (build-up)
S - ; 5 i
= At (slip)
20 - - 1 1
500 550 600 650 700
Time (s)
10 = : . = . —
slip events build-up events # |

At (s)

A(grams)
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2D Couette Shear Experiments

Video
Camera

Shearing
Rings

Light Box

Stepper Motor
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Data for Variance of Particle Positions vs. Time:
Diffusion is affected by mean velocity and force network

Radial Displacement Squared {dz}

Tangential Displacenent Sgu:

Pime (= i
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vibration I

laser
distance
sensor

. electromagnetic
shaker: T, f A

internal spring: k

3D Shear + Vibration: Experiments and
Simulations
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Computations show need for zero g

Plain Couette Flow

volume fraction: 80%
variable size particles

(last 5 averages shown)

Zero Gravity
1gVelocity (shearing direction)

).

Zero Gravity

1V olume fraction

0.9 )

a o

o8 _/r ‘e“\t__f
oTf

5

S 0.6

(3]

‘gq}.s

504

>

0.3

0.2

0.1

Earth Gravity
1fVelocity (shearing direction)

0.8
0.7

vibrating lower wall:
Gamma = 4.0

0.6

Earth Gravity
1V olume fraction

=]
Sos

EG.S
— 5 4F vibrating lower wall
2" FGamma= 4.0
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Clips from Experiments
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Freezing by Heating—Competition between

shearing and vibration (I' = 2.0)

0.68f
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Spatial Autocorrelations show disorder with
shear (a, b, d, €) and more quantitatively, c.
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Force Probability Distributions: Singular
behavior in the Kurtosis
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Phase Diagram in Shear Rate (€2) and Shaking
Amplitude (I')
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Conclusions

Granular materials offer many challenges
Low-g 1s very important for uncovering basic science

This science will be crucial for manned exploration of
Mars and the moon

Dense granular materials: force chains, large
fluctuations, novel phase transitions

Understanding these phenomena will advance us
towards more reliable earth-bound and extra-
terrestrial granular engineering



MEDICAL LAB ON A CHIP

Mark A. Burns,*$ Brian N. Johnson,* Rohit Pal,* Ming Yang,* Rongsheng Lin,*
Nimisha Srivastava,* S. Zafar Razzacki,* Kenneth J. Chomistek,* Dylan Heldsinger,*
Moon-Bin Yim,* Victor Ugaz,* Madhavi Krishnan,* Vijay Namasivayam,*
Oveta Fuller, Ronald G. Larson,* and David T. Burke¥

*Department of Chemical Engineering
tDepartment of Biomedical Engineering
iDepartment of Microbiology and Immunology
¥Department of Human Genetics
University of Michigan
Ann Arbor, MI 48109-2136

The low per-unit cost of microfabricated devices along with the ability to integrate multiple components
on a single device allows for the construction of a variety of complex chemical analysis system. These
complex systems can be only a squared centimeter or less in size but can perform functions normally
associated with benchtop equipment. Such devices can, in essence, function as micron-scale intelligent
sensors. We are constructing such devices on silicon, glass, and polymer substrates for the analysis saliva,
blood, and other medially relevant fluids. The devices consist of a combination of micron-scale fluidic
channels, reaction chambers, and/or electrophoresis units. The devices can also include electronic control
and sensing systems such as resistive heaters, temperature sensors, and fluorescence detectors. Liquid
samples are injected into these devices and moved between components by a variety of techniques
including hydrophobic/hydrophilic patterning, pressure manifolds, and/or phase-change valves. The
output from these devices can then be used to determine physical and/or chemical properties of the liquid
sample and ultimately the medical condition of the patient from which the sample was obtained. Results
will be presented for the analysis of both physical (e.g., viscosity) and chemical (e.g., DNA) properties.

NASA/CP—2004-213205/VOL1 44
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&' Advanced Life Support

Joe Chambliss EC1
281-483-9204

June 22, 2004
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Advanced Life Support Topics

W

Fundamental Need for Advanced Life Support ﬁ*
ALS organization \.*
e Areas of research and development
* Project management techniques
Requirements and Rationale

Past Integrated tests

The need for improvements in life support systems
ALS approach to meet exploration goals

e Candidate groups of systems

ALS Projects showing promise to meet exploration goals
GRC involvement in ALS
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Human Life Support System Requirements

per person Kilograms per
Consumables per da person per da
Gases 8| |[Gases 1.0
Oxygen Carbon Dioxide 1.00
Water 23.4| Water 23.7
Drinking] 1.62 Urine 1.50
Water content of food| 1.15 Perspiration/respiration 2.28
Food preparation water| 0.79 Fecal water 0.09
Shower and hand wash| 6.82 Shower and hand wash 6.51
Clothes wash| 12.50 Clothes wash 11.90
Urine flush| 0.50 Urine flush 0.50
Humidity condensate 0.95
Solids 0.6/ (Solids 0.2
Food| 0.62 Urine 0.06
Feces 0.03
Perspiration 0.02
Shower & hand wash 0.01
Clothes wash 0.08
TOTAL 24.8| [TOTAL 249
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Human Life Support System Requirements

Open-Loop Life Support System
Resupply Mass - 12,000 kg/person-year
(26,500 Ibs/person-year)

— Water 89%

10,680 kg
(23,545 Ibs)
(2827 gallons)

Oxygen 2.5%

— Food (dry) 2.2%

\

Systems Maintenance 2.1%

Crew Supplies 2.1%

Gases lost to space 2.1%
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Mass Cost of Human Mars Mission
@ Using Today’s Technologies

8.0 Today
' X
,@ O ~ /Advanced Avionics [7%]
# 7.0 O
@ \ Maintenance & Spares [18%]
S 6.0 x
= [
g N\ Advanced Materials [17%]
— 5.0 »
e [
©
8 40 \ . =
TEU ‘/ Closed life Support [34%)]
g 3.0 \
Advanced Propulsion
(2]
g 20 ‘/ [EP or Nuclear] [45%]
>
@ N\
@ 7 Aerobraking [42%)]
§ 1.0 1 Az 4 ero g ol — @
=
0.0

The NASA Exploration Team [NExT]
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Advanced Life Support (ALS)

ALS research and technology development provides
technology options that either address:

- Bioastronautics Critical Path Roadmap (BCPR) risk

- Improved efficiency (lower mass, power and volume)

— Closure of the air, and water loops 1s critical
» Solid Waste, Thermal Control improvements contribute to efficiency

— Technology development is undertaken after rigorous systems
analysis including the current baseline (ISS and Shuttle)
systems.

— Technology maturation 1s accomplished through validation and
demonstration in integrated test beds and flight experiments

« ALS takes technologies from very low Technology Readiness Level
concepts (TRL 1-3) to mature technologies at TRL 6 via test and analysis

» Make the technology available for consideration in an exploration vehicle
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WHY MUST WE DEVELOP NEW ALS SYSTEMS?

Shuttle/ISS life support technologies are mass, power and resupply intensive.

Lunar and Mars missions
- a high degree of closure of oxygen and water regeneration loops and efficient
low mass thermal management is required.
- subsequent closure of the food loop along with containment and recycling of
solid wastes must be pursued.

Lunar or planetary bases - greater autonomy of life support system reduces the
dependency on resupply missions, thereby increasing safety and reducing cost.

Pertinent Connections to BCPR

Moon | Mars

Risk # [Risk Title ISS
43 |Maintain Acceptable Atmosphere G
44 |Maintain Thermal Balance in Habitable Areas G
45 |Manage Waste G
46 |Provide and Maintain Bioregenerative Life Support Systems | G
47 |Provide and Recover Potable Water G
48 |lnadequate Mission Resources for the Human System Y

Many enabling questions are addressed in the seven principal risks listed above
This effort also addresses enabling questions for shared risks of other Bioastronautics disciplines.
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ALS IMPLEMENTATION
Coordinating Center: JSC

The JSC EC Advanced Life Support Manager administrates the overall
Advanced Life Support Budget for JSC, ARC, KSC, MSFC, (GRC in 05)
Participants

— NASA Field Centers, including ARC, GRC, JPL, JSC, KSC, MSFC and their
affiliated institutes.

— NASA Research Partnership Centers including BST, CAMMP, CSP, ES-CTSC,
FTCSC, and WCSAR.

— Principal investigators with research and technology offerings sponsored through
other programs such as EPSCoR and congressional earmarks.

— Contractors and small business concerns who respond to competitive contracts
and SBIR/STTR program solicitations.

—Assistance and collaboration will be sought by experts within existing flight
programs including ISS, Shuttle, and Project Constellation.

Funding
— Funding for tasks is implemented through the most appropriate method.

— Funding methods include: NASA Research Announcements, Technology
Development Proposals, Technical Task Agreements, Competitive Procurements.

Leveraging
—SBIR, STTR, EPSCoR, GSRP, NRC, Code R/T/M, SFF, NASA CO-OP Program
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Advanced Life Support Program Element Organization

Advanced Life Support Office (JSC)

Manager - B. M. Lawson

Dpty. Manager Research - D. Barta
Dpty. Manager Engineering - J. Chambliss

Engineering Manager - S. Down
Systems Engineer — J. Keener
Administrative Assistant - C. Whatley

Schedule & Budget Analyst — P. Bashinski

External Advisory Group

Science & Technology
Working Group
Al Sacco, Chair

( External Principal

Investigators

NRA |

|
| SBIRSTTR |
|

GsRP |

Q NRC, Other |/

/ ALS Integration \ /S”PPO” ting R&T. D\
NASA Centers
Systems
Flight Experiments Integration, ARC R&TD
ang = Education/Outreach Modelmg S S
Integrated Testing Moo Analysis
Manager e (SIMA) KSC R&TD
P. Bethke (acting) SR & Manager J. Sager, Lead
with D. Treat Mike Ewert
with T. Hanford MSFC R&TD
K \ J. Perry, Lead

International
ALS Working

Group

NASA, Japan,
Canada, ESA,
Russia

-~

ALS Technical Elements

~N

Air Revitalization

Element
F. Smith, Lead
* Research

» Technology Devel

* Testing

Water Recovery
Element
L. Shaw, Acting Lead
* Research
* Technology Devel
* Testing

External Research and Technology
Development Groups

~

Thermal Control
Element
D. Westheimer, Lead
* Research
* Technology Devel
« Testing

"

Solid Waste
Management Element
J. Fisher, Lead
* Research
* Technology Devel
« Testing

Crop Systems
Element
R. Wheeler, Lead
* Research
* Technology Devel
« Testing

ALS NASA Specialized
Center of Research & Training
C. Mitchell/Purdue Univ.

Center for Food & Environmental
Systems for Human Exploration
of Space (Tuskegee Univ.)

Commercial Space Technology

(W. Sheehan, Univ. of Florida)

Environmental Systems

Center

D. Mortley

Center for Space Sciences

(Texas Tech University)

/

4/13/04

=

J. Smith
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Advanced Life Support (ALS) Areas

Qg
BB Air Revitalization
: Systems
IO
(2) Crop Systems
@)
@) ALS Flight
@ Experiments
G

Advanced Thermal
Control Systems

TDP (39) LD
NRA 26) ()

<> Research

40
BB  Advanced Water
Recovery Systems
Systems Integration
Modeling & Analysis
G0 Solid Waste
Management
69
>B _
: Integration
&) & Test

Manpower

Center
JSC (38)
ARC (39)
KSC (46)

Civil Senice (Con
9
5
4

tractor
19

5
XX
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Augmentation Major Products

Air
Gas Supply (2)
CO, Removal (3)
Advanced CO, Reduction
Regenerative Trace Contaminant Control
Efficient, Low Noise Air Flow System

Water
Advanced Biological Primary Water Processor
Ultrafiltration
Next Generation Phys/Chem Primary Water Processor
Reverse Osmosis
Brine Dewatering

Post Processors
Alternative Disinfection Technologies

Bioregenerative Systems
Sustained Crop Production Testing
Hypobaric Plant Test Chambers
Mineral and Water Recycling Testing
Vegetable Production Unit EDU
Microbial Risk Assessments

Thermal
Advanced Coldplate Development
Humidity Control Device
Structural Radiator Prototype
Evaporator Prototype
Sublimator Prototype

Solid Waste
Compactor
Stabilization & Containment
Water Recovery Technology
Mineralization Technology

Ground Test
20’ Chamber Certified for Reduced
Pressure Testing.
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Past ALS Testing
Lunar Mars Life Support Test Project

Phase | Phase |l Phase IIA Phase lll
Duration 15-days 30-days 60-days 91-days
Completed | Completed | Completed Completed
Dates August '95 July '96 March '97 | December '97
Crew Size 1 4 4 4
Air Integration of
revitalization | Regenerative | ISS life  |physicochemical
using crops P/C support & biological
Technologies| with P/C | technologies |technologies| technologies
Air, water, solid
Regeneration AIr Air & water | Air & water | waste, food
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Lunar Mars Life Support Test Project
Phases III: 91-day, 4-Person Tests

Oxygen Generation
System

on trol Room
Carbon Dioxide g

Removal System

Biological Water
Recovery System

Carbon
Dioxide
Reduction

Phase Il Crew (Ieft to right, Nigel
Solid Waste Incinerator Packham, Laura Supra, John
loover] N Lewis, Vickie Kloeris)

SUHSYSTEM
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ALS Integrated Test Plans Support the Exploration Timeline

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

First Uncrewed Ist Crewed
CEV Flight v CEV Flight v Ist Human Mission to Moon Last year
for
Lunar landing lunar
outpost landing

CEV ECLSS 6 year prime contractor lead-time
Tech Test ‘
System A

6 year prime contractor lead-time

Luhar Outpost

Tech. Test

System B&C
Lunar Outpost 6 year prime contractor lead-time
Bioregenerative Test
System C

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
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Advanced Life Support Approach for
Supporting NASA Exploration

* Preliminary analysis shows the exploration program will

require at least three different environmental control
systems architectures

— A) a short duration, open-loop system architecture;

— B) a zero-g, medium duration system architecture; and

— () apartial-g, long duration system architecture.

Technologies for these systems need to be matured to
technology readiness level (TRL) 6, to lower program risk
and to provide mature technology selections for the
vehicles’ integrating contractors.

A technology development program that will demonstrate
these technologies on the ground in an integrated fashion
prior to committing to flight designs 1s essential.
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Parameters for Human Life Support Across Mission Scenarios

Lunar Lunar Lunar Mars Mars Mars Pressurized
Transit Landing Outpost Transit Landing Habitat Rover
Vehicle Vehicle (LO) Vehicle Vehicle (MH) (PR)
(LTV) (LLV) (MTV) (MLV)

Duration 7 — 14 days 1-5 days 1 —18 months 12 — 24 months 1 - 45 days 17 — 20 months 1-7 days
(Human Tended) | (Roundtrip) (Roundtrip)
Air Open Open Closed Closed Open Closed Open
Revitalization ISRU
Water Collection and | Collection and | Closed Closed Collection and | Closed Collection and
Recovery Storage Storage ISRU Storage ISRU Storage
Waste Stored Stored Volume Reduction Volume Reduction | Volume Volume Reduction | Stored
Management Mineralization Stabilization Reduction Mineralization

Stabilization De-watering Stabilization Stabilization

Resource Recovery Resource

Recovery

Food Conventional Conventional Conventional Extended Shelf Extended Extended Shelf Extended Shelf
Systems Stored Stored Stored with Life with Shelf Life Life with Fresh Life

Fresh Food Fresh Food Food

Augmentation Augmentation Augmentation
Thermal LP-BR LP-DR HP-DR HP-DR LP-BR HP-DR LP-BR
Systems
System System A System A System C System B System A System C System A
Configuration

Closed Air is 75% by Mass

Closed Water is 90% by Mass
ISRU —Investigate and utilize as appropriate DR — Deployable Radiator

Regenerative Systems will be selected over consumable systems

LP — Low Power HP — High Power
BR — Body Mounted Radiator

System A: Short-duration, micro-g
System B: Long-duration, micro-g
System C: Long-duration, planetary surface, partial-g
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Crew Expl
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oration Vehicle Schematic
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Mars Transit Vehicle Schematic
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Mars Mission Concepts
Mars Planetary Base — A Sustainable Presence

« Permanent presence

» Power and volume: significantly more
is available

* Hypoogravity environment
* Types of systems:

* Integration of physicochemical
and biological technologies

* Closure of air & water loop

» Food: staple foods grown, processed
by food system, contribute substantially
to caloric requirements and to air and
water regeneration

 Solid waste management:

* may be processed to recover
resources

* EVA: Extensive with overnight stays
« Communication:
* highest degree of crew autonomy
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Surface Habitat Schematic
Group C
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ALS Projects Showing Promise for Exploration

* ALS Proposed Projects show great promise to meet exploration goals

Sabatier- CO2 reduction

Advanced Trace Contaminant Control

Advanced CO2 removal and reduction system
Biological Water Processor

Rotating Reverse Osmosis

Vapor Phase Catalytic Ammonia Removal System
Cascade Distillation System

Low power two-phase Active Thermal Control System
Advanced thermal and humidity control

Multi application gravity insensitive heat pump

Solid waste management compaction
Dry and Wet Pyrolysis

Lyophilization (Freeze Drying)
Vegetable Production Unit

* Ground and Flight experimentation is needed to establish capabilities

» To evaluate technologies Systems Integrated Modeling and Analysis and
integrated testing is needed
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Glenn Research Center

Contribution to ALS

FY05 ALS plans call for GRC support to provide expertise in
assessing microgravity and fluid physics areas related to ALS
technologies

— GRC to provide design tools, experimentally validated components,
trade studies and trouble shooting

» Two-phase separation processes
— Gas tolerant pumping assemblies
— Evaporative cooling techniques
— Condensing HXs
— Gas/Liquid separation devices
— Liquid/Solid Separation of waste products

» Reactor bed processes in micro and partial gravity
— Design tools and techniques to address fine generation
— Fluid flow processes in filtration assemblies

— GRC to serve as technical monitor for NSCORT effort related to
biofilters for trace contaminant removal

« Related to water distribution, choking or channeling and nutrient supply
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Acronyms

BST — Bioserve Space Technologies NASA Research Partnership Center, University of Colorado.
BWP - Biological Water Processing

CAMMP — Center for Advanced Microgravity Materials Processing. Northeastern University,
Boston, Massachusetts.

CSP — Center for Space Power. Texas A&M University.

EPSCoR — Experimental Program to Stimulate Competitive Research.

ES-CSTC — Environmental Systems Commercial Space Technology Center. University of Florida
FTCSC - Food Technology Commercial Space Center. lowa State University.

GSRP — Graduate Student Researchers Program

LTV - Lunar Transit Vehicle

LLV - Lunar Landing Vehicle

LO - Lunar Outpost

MTYV - Mars Transit Vehicle

MLV - Mars Landing Vehicle

MH - Mars Habitat

NRC — National Research Council Fellowships

PR - Pressurized Rover

P-C - Physiochemical

SBIR/STTR — Small Business Innovative Research/Small Business Technology Transfer
SFF — Summer Faculty Fellowships

WCSAR — Wisconsin Center for Space Automation & Robotics
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Bioastronautics

Critical Path Roadmap

(BCPR)

Presented at Conference Workshop
“Strategic Research to Enable NASA's Exploration Missions”
By John Charles, NASA Johnson Space Center

June 22, 2004
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BCPR Objectives

|dentify and assess risks for human space
exploration

Prioritize research and technology and communicate
those priorities

Guide solicitation, selection, and development of
NASA research (ground and flight) and allocation of
resources

Assess progress toward reduction and management
of risks

Define operating bands (acceptable levels of risk)
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BCPR History 25 Intramural Scientists

« Initiated by the Johnson Space + 25 NSBRI leads
Center (JSC) Space and Life 10-20 on each team
Sciences Directorate in 1997 Total of 300 attended

Expanded to include National Space each NSBRI retreat

Biomedical Research Institute Presented at OBPR

(NSBRI) in 1998 Biennial Symposia &
NSBRI Biennial Retreats

On web since 2000

BCPR has guided research
solicitation and selection since 2000

BCPR Revisions (Rev. E, 2004)
« Expanded set of Reference Missions (ISS, Moon, & Mars)
— Previous BCPR based only on a 30-month Mars mission

« Greater representation of NASA Advanced Human Support Technology
(AHST) and NASA Space Medicine programs

« Improved statements of risks and questions
— Previous BCPR had 55 risks; Rev. E has 50 risks

— Rev. E eliminated redundancy but added new autonomous medical
care and AHST risks

— Rev. E includes enabling research and technology questions (EQ)
that are more specific and measurable
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BCPR and OBPR
Program Management

BCPR provides framework for Codes U, M and Z

Bioastronautics Strategy and for Bioastronautics components of
Code U Enterprise Strategy (Bioastronautics Strategy aligns
with NASA Strategic Plan)

Code UB research portfolio is tied to BCPR

BCPR has been revised to align with new vision for space
exploration

Revised BCPR content and processes now under review by
Committee on Aerospace Medicine and Medicine in Extreme
Environments of the Institute of Medicine, National Academy of
Sciences and National Academy of Engineering

BCPR configuration control by Critical Path Control Panel
(CPCP) (2000-2003, 2005ff)

Bioastronautics Science Management Team (BSMT) was
chartered by Codes U, M and Z to lead current revision of the
BCPR (temporarily replaced CPCP)



BCPR Dlsc:lpllnes & Cross-Cutting Areas

Bone loss

Muscle alterations & atrophy
Human Health & ~ Neurovestibular adaptation
Countermeasures Cardiovascular alterations
Immunology, infection & hematology
Environmental effects

TTONSOCETZ-V00C—dDO/VSVN

Autonomous Medical Care Clinical capabilities

Psychosocial adaptation

Behavioral Health Sleep & circadian rhythms

Neuropsychological

Space human factors — cognitive
capabilities

& Performance

Radiation Health Radiation effects

Advanced life support

Advanced environmental monitoring
Advanced Hum al? Advanced food technology

Support Technologies Advanced EVA

Space human factors — physical
capabilities
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DRM
Crew Size
Launch Date
Mission Duration
Outbound Transit
On-Site Duration
Return Transit

Communication lag
time

G-Transitions
(assumes no artificial g)

Hypogravity

Internal
Environment

EVA

Characteristics of BCPR
Reference Missions

1 Year ISS
2+
20057
12 months
2 days
12 months
2 days
0+

2
0g
~14.7 psi

0 — 4 per mission

Lunar
4-6
NET 2015-2020
10 — 44 days
3 -7 days
4 — 30 days
3 -7 days

1.3 seconds +

4

1/6g for up to 30
days

TBD

2 — 3/week;
4 — 15/person

Mars
6
NET 2025 - 2030
30 months
4 — 6 months
18 months
4 — 6 months

3 — 20 minutes +

4

1/3 g for up to 18
months

TBD

2 — 3/week;
180/person




iNngAj/ Bioastronautics Timetable

(notional)
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2004: Announcement of new vision for space exploration
2005: Countermeasure hardware requirements (Phase A)

20006: Initial flight experiments: countermeasure hardware
design & prototype development (Phase B)

2007-8: First unmanned test flight of CEV
2010: STS to be retired, end heavy lift/return
2010-13: Final ground demo of countermeasures

2013-16: In-flight demo/validation of integrated
countermeasure suite(s)

2015-20: Moon human landing/exploration testbed
2016: End ISS validation of countermeasures
2025-2030: First piloted Mars mission




([ N,QSAJ BCPR Processes

Risk Identification, Assessment, and Management

=

. Orlglnal list of risks, research issues culled from advisory committee
reports & other sources, deliberated among discipline experts
— All BCPR risks & questions were compared with recent advisory
committee reports (e.g., CSBM Strategies Report) and revisions
made where necessary
Starting in 1997 with over 100 risks, list reduced to 55 risks in 1998
and current 50 risks in 2004 by continued deliberations, eliminating
redundancy, incorporating new advisory committee reports and space
flight research findings

Discipline teams assessed risks within own disciplines, prioritized
own enabling research and technology questions for each risk

Second group of experts assessed relative priority of risks across all
disciplines
Configuration Control (CPCP - Critical Path Control Panel)

— 2000-2003: BCPR was under configuration control (currently
Bioastronautics Science Management Team controls the process)

— Will return to configuration control in 2005
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. Risk: conditional probability of adverse event or system-related inefficiency

— Human health & medical risks from exposure to hazardous conditions
of space flight (e.g., microgravity, radiation, confinement)

* Thirty-five risks classified as human health or medical

— System performance & efficiency risks involve technologies required for
providing safe & habitable environment

* Fifteen risks classified as system performance and efficiency-
related

« Different criteria employed to assess and rate risks

— Human health & medical risks used traditional risk assessment criteria
of estimated likelihood of risk occurrence & its severity of impact on
crew health or performance

— System performance & efficiency risks rating scheme based on
improved efficiency

— Both types used risk mitigation status (readiness levels)
» Overlap across the different types of risk
— As mitigations are validated, increased efficiency is important
— System performance & efficiency risks can have health-related effects

TTONSOCETZ-V00C—dO/VSVN
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Enabling Questions Categories

Human Health
and
Countermeasures

Risk Assessment & Acceptability

Behavioral Health
& Performance

Mechanisms and Processes

Radiation Health

Countermeasure Strategies

Medical Diagnosis & Treatment

Autonomous
Medical Care

Prevention (selection and
countermeasures)

Monitoring

Diagnosis

Treatment

Informatics (cross cutting)

Advanced Human
Support
Technology

Research Requirements/Specifications

Design Tools

Technologies

Operations and Training
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e DY Risk Mitigation Status
&

N,QSAJ Technology Readiness Level (TRL) &
,\ y Countermeasures Readiness Level (CRL)

a

TRL Definition TRL/CRL CRL Definition CRL category
Score

TIONSOCETZ-V00C—dO/VSVN

Basic principles observed 1 Phenomenon observed and reported Basic
Problem defined research

Technology concept and/or Hypothesis formed, preliminary studies to define
application formulated parameters. Demonstrate feasibility

Analytical and experimental Validated hypothesis. Understanding of Research to
critical function/proof-of-concept scientific processes underlying problem prove

Component and/or breadboard Formulation of countermeasures concept based  Counter- 11101

validation in lab on understanding of phenomenon measure
develop-

Component and/or breadboard in Proof of concept testing and initial st

relevant environment demonstration of feasibility and efficacy

System/subsystem model or Laboratory/clinical testing of potential
prototype demonstration in countermeasure in subjects to demonstrate
relevant environment efficacy of concept

Subsystem prototype in a space Evaluation with human subjects in controlled Counter-
environment laboratory simulating operational space flight measure
environment demonstration

System completed and flight Validation with human subjects in actual
qualified through demonstration operational space flight to demonstrate efficacy
and operational feasibility

System flight proven through Countermeasure fully flight-tested and ready for Countermeasure
mission operations implementation operations
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NASA  Defining Levels of Accepted Risk
X

. Tolerance limits (desirable operating bands) for
human system
— For example

 How much bone loss (or muscle atrophy, etc.) is
acceptable?

« Units? %? Functionality?

— Derived from available data, expert opinion and
consensus

— Decisions require selecting best mitigation options
— Mitigate to the best level possible (risk never zero)

* Five month effort initiated by NASA Chief Medical
Officer, now underway

— Focused NASA JSC/NSBRI team to document
currently accepted risk levels

— “Acceptable” vs. “accepted” risks
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» Risks initially derived (identified, assessed) at discipline level,
but risk reduction and management requires integrated
approach

 Effective and efficient risk mitigation solutions result from:
— Collaborations across traditional disciplines
— Coordination among intramural and extramural researchers

— Cooperative efforts of key players — flight surgeons, astronauts,
researchers, and technology developers

» Adoption of project management tools and practices facilitates risk
reduction solutions

» Ground-based integration sites (e.g., advanced integration matrix -
AIM) are essential for demonstrating & validating readiness for
meeting requirements of exploration missions

— technology components
— human systems

Cross cutting areas lend themselves to “projectized” approach
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BCPR Implementation,
Integration, and Validation

TTONSOCETZ-V00C—dO/VSVN

* Projects as implementing and integrating tools

— Projects impose discipline on the research activities
and help focus on schedule and deliverables

— Project plans force forward and integrated planning

— Project plans reviewed (NAR) and approved to
assure management concurrence

— Project teams should include the best experts
* Draw on NASA and non-NASA sources
— Project teams can also help with integration

(physicians, scientists, engineers, managers and
astronauts)
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ij BCPR Refinement Schedule

BSMT prepared materials for OM/NAS/NAE Review,

briefed JSC & HQ

April 1

— BSMT delivered BCPR content and processes to
CAMMEE for review

— posted revised document to website for public
comment

April 12: CAMMEE briefing on study request

May 25-26: Risk Rating workshop

In preparation for delivery to CAMMEE

— Draft operating bands, accepted risk levels (SLSD)
— Final risk assessment

— Web tool

October 1: Interim Report from CAMMEE
October 1, 2005: Final Report from CAMMEE
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Academy Review
7.1

C

Study Title: “Assessing the Bioastronautics Critical Path Roadmap”
Study Sponsors: Code Z, Code U, Code M
Actionees: Committee on Aerospace Medicine and Medicine in
Extreme Environments (CAMMEE)—IoM (primary), NAS, NAE, with
NRC coordinating
Statement of Work
— Independent review of BCPR content and processes with respect
to clinical issues and bioastronautics research for the missions in
new exploration initiative.
« Assessment of strengths and weaknesses.
« |dentification of unique challenges.
— Interim report in 6 months.
— Final report in 12 — 18 months.
Recommended committee composition
— Representative experts (e.g., discipline areas, risk assessment,
medical decision-making, public health, epidemiology).
— Exclude currently funded Bioastronautics researchers.
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N(‘\SAj Academy Review
4 (continued)

P

- Statement of Work
— Conduct an independent review of the content and
processes currently used for communication, assessment,
and implementation of the BCPR with respect to clinical
issues and bioastronautics research for the missions
contemplated in the President’s exploration initiative
» Assessment and report of the strengths and
weaknesses
« |dentification of unique challenges
— Interim report 6 months after initiation of study
— Final report at completion of study approximately 12 — 18
months

« Recommended committee composition

— Representative experts (e.g., discipline areas, risk
assessment, medical decision-making, public health,
epidemiology)

— Exclude currently funded Bioastronautics researchers



Rating Bioastronautics Risks
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* Rating is important for programmatic
reasons (allocation of resources, etc.)

Each of the 50 risks is important and needs
to be addressed for human health, safety
and performance during or after space flight

The risk is determined by the likelihood of
occurrence, the severity of the consequence
should it occur, and the current status of
mitigation
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Risk Rating Exercises

Repeated Risk Rating exercises since 2000

Different participants (subcommittee; steering
committee; joint astronaut / space medicine /
science management workshop; senior
managers)

Generally in agreement, including highest
priority risks (radiation health, clinical care,
human performance & fracture risk)

Reconciling of recent (3 @ 2004) sets of
ratings now in work

The results of one of the risk rating exercises
IS contained in Rev. E
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(for example)

Human Health Risk Assessment
Criteria (examples)

Severity of Consequences (for example)

Crewmember
Health In-flight

Crewmember
Performance
In-flight

Crewmember
Health Post-
mission

Likelihood

Low

No more than
temporary
discomfort

Delays of
mission
objectives

Limited
increase in
post-mission
rehabilitation

Moderate

Short-term
incapacitation
or impairment

Loss of some
mission
objectives

Impairment but

no long term

reduced quality

of life

High
Death, significant health
issue requiring mission
abort or long-term

incapacitation or
impairment

Inability to perform critical
mission functions, or total
loss of mission objectives

Significant permanent
disability or significantly
reduced lifespan, or
significant long term
impairment or reduced
quality of life

Likelihoods (for example)

Low

<0.001

Moderate

0. 001-0.01

High

>0.01




»«(NEQ\ Aj A Recent Risk Rating Exercise

-
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« Consensus workshop participants: representatives of
Astronauts, Space Medicine and Researchers

« Participants answered two questions for each BCPR risk :

— If the US committed to sending humans to Mars today
how worried would you be?

« Scale 0 (not worried) to 10 (very worried)

— How important is the International Space Station to
reducing or eliminating the worry (for each risk)?

« Scale 0 (not at all) to 10 (very important)
« Risk rating methodology for this exercise

— The 3 groups independently rated 35 risks (not
including 15 Advanced Human Support Technology
risks)

— Group discussion to reach consensus
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Consensus Workshop
Background

TTONSOCETZ-V00C—dO/VSVN

* The process for evaluating & incorporating
changes into BCPR is still being developed

« Position statements from the astronauts and
recommendations from the flight surgeons
are currently being drafted (due end of
June)

 The recommendations that follow have not
been fully reviewed by the workshop
participants and should be considered
preliminary




Consensus Workshop
Rating Analysis

Human Health and Countermeasure Risks
— Most microgravity physiology risks are moderate
— 1SS should be used to mitigate those risks
* Autonomous Medical Care Risks
— Clinical risks are substantial
— ISS important for many clinical risks
« Behavioral Health and Performance Risks
— Critical for exploration
— ISS only moderately useful to mitigate risks
— Research should be done in integrated test facilities
« Radiation Risks
— Radiation protection is essential for exploration
— Most research should be done on Earth
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f;(;\s;f Consensus Workshop Selected
’“-/}\'_Q i Preliminary Recommendations

“Bioastronautics Critical Path Roadmap” may not be the
most appropriate title

ISS research is important, but ground models should be
emphasized

Reword risk titles,descriptions to more accurately reflect
actual risk

Certain overarching risks should be combined

— Need for reliable medical support hardware (including
exercise equipment) for effective risk mitigation

Further discussion of enabling questions is needed
Incorporate integrated approach where needed
— E.g., return to gravity rehabilitation

TTONSOCETZ-V00C—dO/VSVN

Other programmatic issues were also identified
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Access to BCPR Content

http://research.hg.nasa.qgov/code u/bcpr/index.cfm

(revised baseline document)

http://criticalpath.jsc.nasa.gov/beta/
(revised searchable website—beta version!)
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./  Strategic Directives Guiding the Human
QSfAj Support Technology Program
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 Vision for Space Exploration
(February 2004)

President's Commission on

Implementation of the United

States Space Exploration

Policy Report:"A Journey to L T g
Inspire, Innovate,and The Vision

Discover” Y | for Space
Exploration

(June 2004) February 2004
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“The Commission finds that successful development of
identified enabling technologies will be critical to the
attainment of exploration objectives within reasonable
schedules and affordable costs”




TTON/SOCETZ-V00C—dO/VSVN

L6

Neighborhood

Capability
Current launch systems
Payload: 40mt

In-space propulsion,
Isp>1000 sec, high thrust

Power systems, >200
w/kg

Integrated Human/
robotic capabilities

Cre

Planeta

Accessile
itryace
Capability
ETO $/kg (under review) * ETO $/kg (underveviews)
Payload: ~100mt Payload: 100+mt
In-space propulsion, * In-space propulsion,
Isp>3000 sec, high thrust I

Power systems, >50
w/kg .

Robotic

aggregation:

Pl
Capn




A Journey to Inspire, Innovate, and
Discover
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« The Commission identified 17 areas for initial
focus. Among them are :

— Advanced Power and Propulsion

— Cryogenic fluid management

— Closed-loop life support and Habitability
— Extravehicular activity systems

— Scientific data collection and analysis

— Planetary in-situ resource utilization
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/(;\ 7 Risk Mitigation Status
N%SAj Technology Readiness Level (TRL)
,,\ 4 and Countermeasures Readiness Level (CRL)

TRL Definition TRL/CRL CRL Definition CRL category
Score

TTONSOCETZ-V00C—dO/VSVN

Basic principles observed 1 Phenomenon observed and reported Basic
Problem defined research

Technology concept and/or Hypothesis formed, preliminary studies to define
application formulated parameters. Demonstrate feasibility

Analytical and experimental Validated hypothesis. Understanding of Research to
critical function/proof-of-concept scientific processes underlying problem prove

Component and/or breadboard Formulation of countermeasures concept based  Counter- LY

validation in lab on understanding of phenomenon measure
develop-

Component and/or breadboard in Proof of concept testing and initial -

relevant environment demonstration of feasibility and efficacy

System/subsystem model or Laboratory/clinical testing of potential
prototype demonstration in countermeasure in subjects to demonstrate
relevant environment efficacy of concept

Subsystem prototype in a space Evaluation with human subjects in controlled Counter-
environment laboratory simulating operational space flight measure
environment demonstration

System completed and flight Validation with human subjects in actual
qualified through demonstration operational space flight to demonstrate efficacy
and operational feasibility

System flight proven through Countermeasure fully flight-tested and ready for Countermeasure
mission operations implementation operations
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[ NE‘Q\SAj Biological And Physical Research Enterprise
4 / Aligning With The Vision For U.S. Space Exploration

Vs
» Refining Bioastronautics “Critical Path Roadmap (CPR)” in light of

recently established and configuration controlled Level 0 Exploration

Requirements/Level 1 Objectives

http://research.hqg.nasa.gov/code u/bcpr/index.cfm

« Roadmap initiated in 1997 -- focuses research and technology solutions on:
» Reduction or elimination of identified risks to humans during space flight
* Increased efficiencies of systems supporting humans in space

— Current activities:
» Assessed risks in light of Vision for U.S. Space Exploration

— Under independent review by National Research Council (joint review
by Institute of Medicine, Space Studies Board and Aerospace
Engineering Board)

— Updated CPR publicly released for comment, consolidated
comments to be provided to NRC

+ Reassessing countermeasure validation requirements and strategy

— Joint Bioastronautics/Fundamental Space Biology workshop held
April 13-15 to determine appropriate animal models.

Human Subjects Strategy Workshop, May 12-13, JSC
Review with Astronaut Office and Flight Surgeons, May 25-26, JSC

Results to be incorporated as appendix to CPR, subjected to the
NRC (IOM/SSB/ASEB) review
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Critical Path Roadmap
Reference Missions

N ’.
A
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Design Reference
Mission

Crew Size
Launch Date
Mission Duration
Outbound Transit
On-Site Duration
Return Transit

Communication lag

time

G-Transitions
(assumes no artificial g)

Hypogravity

Internal
Environment

EVA

1 Year ISS

2+
20057
12 months
2 days
12 months
2 days
0+

2
0g
~14.7 psi

0 — 4 per mission

Lunar

4-6

NET 2015, NLT 2020

10 — 44 days
3 — 7 days
4 — 30 days
3 — 7 days
1.3 seconds +

4

1/69g for up to 30
days

TBD

2 — 3/week;
4 — 15/person

Mars

6
NET 2025 — 2030
30 months
4 — 6 months
18 months
4 — 6 months

3 — 20 minutes +

4

1/3 g for up to 18
months

TBD

2 — 3/week;
180/person
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N(;Q\SAJ Rating Risks
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» Stoplight format adopted as a communication and decision-making
tool:

— R/Y/G rating used to communicate relative priorities and to guide
decisions about research program resource allocation
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Criteria for Assigning Red/Yellow/Green Risk Rating

Risk Rating Human Health Risk System Performance/Efficiency Risk

Unacceptable risk of serious adverse health or Considerable potential for improvement
performance consequences; there is no mitigation  in mitigation efficiency in many areas;
strategy that has been validated in space or proposed missions may be infeasible
demonstrated on Earth. without improvements.

High risk of serious health or performance Considerable potential for improvement
Yellow consequences; there is no mitigation strategy that  in mitigation efficiency in a few areas.
has been validated in space.

Health and performance consequences are known Minimum or limited potential for

or suspected, but will not affect mission success improvement in mitigation efficiency.
due to effective mitigation strategies that have

been validated in space.




Current Critical Path Roadmap (Draft) Rating Risks:
Human Health

I
Unacceptable risk of serious adverse health or performance consequences; there is no mitigation strategy that has been validated in space or
demonstrated on earth.

High risk of serious health or performance consequences; there is no mitigation strategy that has been validated in space.

Health and performance consequences are know n or suspected, but will not affect mission success due to effective mitigation strategies that have been
validated in space.

RISK#| Theme Discipline Risk Category
HH&C Bone Accelerated Bone Loss and Fracture Risk
HH&C Bone Impaired Fracture Healing
HH&C Bone Injury to Joints and Intervertebral Structures
HH&C Bone Renal Stone Formation
HH&C Cardio Occurrence of Serious Cardiovascular Dysrhythmias
HH&C Cardio Diminished Cardiac and Vascular Function
HH&C Env Health Define Acceptable Limits for Contaminants in Air and Water
HH&C IIH Immunodeficiency / Infection
HH&C IIH Virus-Induced Lymphomas and Leukemia's
HH&C IIH Anemia, Blood Replacement & Marrow Failure
HH&C IIH Altered Host-Microbial Interactions
HH&C IIH Allergies and Autoimmune Diseases
HH&C Muscle Skeletal Muscle Atrophy Resulting in Reduced Strength and Endurance
HH&C Muscle Increased Susceptibility to Muscle Damage
HH&C Neuro Vertigo, Spatial Disorientation and Perceptual lllusions
HH&C Neuro Impaired Movement Coordination Following G-Transitions
HH&C Neuro Motion Sickness
HH&C Nutrition Inadequate Nutritional Requirements
AMC Clin Monitoring & Prevention
AMC Clin Major lliness & Trauma
AMC Clin Pharmacology of Space Medicine Delivery
AMC Clin Ambulatory Care
AMC Clin Return to Gravity/Rehabilitation
Clin Insufficient Data/Information/Knowledge Management & Communication
Clin Skill Determination and Training
Clin Palliative, Mortem, and Post-Mortem Medical Activities
HBP Human Performance Failure Due to Poor Psychosocial Adaptation
HBP Human Performance Failure Due to Neurobehavioral Problems
SHFE Mismatch between Crew Cognitive Capabilities and Task Demands
HBP Human Performance Failure Due to Sleep Loss and Circadian Rhythm
Rad Carcinogenesis
Rad Acute and Late CNS Risks
Rad Other Degenerative Tissue Risks
Rad Heredity, Fertility and Sterility Risks
Rad Acute Radiation Syndromes

TTONSOCETZ-V00C—dO/VSVN
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f" (i\ A Current Critical Path Roadmap (Draft) Rating Risks:

“‘\.N/ S-., . System Performance/Efficiency
-

N

AHST Risk Rating Criteria for System Performance Risks

Ixclilgle]

Considerable potential for improvement in efficiency in many areas, or proposed missions may be infeasible without improvements.
I Considerable potential for improvement in efficiency in a few areas
Minimum or limited potential for improvement in efficiency.

TTONSOCETZ-V00C—dDO/VSVN

RISK NUMBER Theme Discipline Risk Category ISS (1yr) Moon (30d) Mars (30m)
36 AHST AEMC Monitor Air Quality
37 AHST AEMC Monitor External Environment
38 AHST AEMC Monitor Water Quality
39 AHST AEMC Monitor Surfaces, Food and Soll
40 AHST AEMC Provide Integrated Autonomous Control of Life Support Systems
41 AHST AEVA Provide Space Suits and Portable Life Support Systems
42 AHST AFT Maintain Food Quantity and Quality
43 AHST ALS Maintain Acceptable Atmosphere
44 AHST ALS Maintain Thermal Balance in Habitable Areas
45 AHST ALS Manage Waste
46 AHST ALS Provide and Maintain Bioregenerative Life Support Systems
47 AHST ALS Provide and Recover Potable Water
48 AHST AHST Inadequate Mission Resources for the Human System
49 AHST SHFE Mismatch between Crew Physical Capabilities and Task Demands
50 AHST SHFE Mis-assignment of Responsibilities within Multi-agent Systems

HH
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fN(;\SA Biological And Physical Research Enterprise
JQ 1~/ Efforts to Align With Vision For U.S. Space Exploration

» Developing medical operating bands within which level of risk can
be accepted for Moon/Mars
— Initiated by NASA Chief Medical Officer
— Focused NASA/National Space Biomedical Research Institute team
assessing currently accepted risk levels (target completion June)
— Will be subjected to external review

Examining current Enterprise research portfolio to determine
degree of alignment with Vision

— Determining specific product lines (countermeasures, technologies,
research results) and developing associated work breakdown structures

+ Aligned with Critical Path Roadmap

Evaluating mechanisms to stabilize funding to external research
community

— Alternative approaches to soliciting research, including increased focus
in product line areas of interest, higher funding levels per effort,
increased emphasis on teaming

— Working with Biological and Physical Research Advisory Committee to
consider methods for employing ground based research and flight
opportunities in combination so as to streamline process and provide
greater funding stability for research community.
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J Aligning with the Vision:
j Exploration Research Areas of Emphasis

//(—\ \
f
[ NASA
/~.___~ « Research areas of emphasis include:

— Human Health and Countermeasures Research — predominant areas of
emphasis include:

- Radiation health effects

» Loss of bone density and muscle strength
» Behavioral health

* Trauma (injury and illness)

— Technology development — predominant areas of emphasis include:
* Real-time medical diagnosis and treatment
* Human habitability technologies

— Life support systems

— Environmental safety

— Nutrition

— Machine-human interfaces

— Research which supports the development of lower mass, lower volume,
more efficient and reliable exploration systems

* Recognized need to:
— Maintain a fundamental research base to seed future endeavors
— Continue to deliver and communicate Earth benefits of space research
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f NEQ\SA)/ Code U Efforts To Align With
\ / The Vision For U.S. Space Exploration

« Through FY06 budget development effort, we will adjust
research portfolio to meet exploration agenda

« Working closely with the Office of Space Flight and the
International Space Station Program to adjust research
manifest

— Considering employing free flying spacecraft to complement on-
going ISS research activities
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—
[ NE,Q\SAJ Summary
&y

7

. Code Uis aggressively aligning its efforts to support the Vision for U.S.
Space Exploration

— Refining Bioastronautics “Critical Path Roadmap”

» Defining accepted risk criteria and developing medical operating bands within
which the level of risk can be accepted for Moon/Mars (initiated by the
Agency Chief Medical Officer)

+ Countermeasure Validation Requirements and Strategy development
— Informs crew size/increment duration
— Examining Enterprise research portfolio to determine degree of
alignment with Vision

 Adjusting research portfolio and developing ‘product line’ framework to meet
Vision needs
— Considering alternative approaches for engaging the research
community

— Establishing relationships with other Enterprises

— Working closely with the Office of Space flight to address associated
requirements for the International Space Station
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f N%SAj Types of Critical Path Roadmap Risks

A risk is the conditional probability of an adverse event occurring or
a system-related inefficiency

— Human health and medical risks arise from exposure to the hazardous
conditions of space flight (e.g., microgravity, radiation, confinement)

 Thirty-five risks classified as human health or medical

— System performance and efficiency risks involve the technologies required for
providing a safe and habitable environment

 Fifteen risks classified as system performance and efficiency-related

Different criteria employed to assess and rate the risks

— Human health and medical risks use traditional risk assessment criteria of
estimated likelihood of a risk’s occurrence and its severity of impact on crew
health or performance, should the risk occur

System performance and efficiency risks use a rating scheme based on
improved efficiency

Both types use risk mitigation status (readiness levels)



Development, and Demonstration

2

‘Nas
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‘;j/ ISS — Human Support Systems Research,

~~+  Examples of Specific Products or Projects on the ISS:

— Performance/reliability testing of a Sabatier reactor (to recycle CO2, and
diminish need for resupply for ISS crew — informs closed loop life support for
Moon/Mars) — may transition from RD&D into operations during ISS lifetime
[Node 3 already scarred]

Validation of system stability and new design tools for low mass, reduced
gravity performance of thermal control subsystems and components --
primarily for advanced life support and with additional applicability to nuclear
propulsion thermal control [requires FIR]

+ Examples: phase separators, passive thermal loops,
evaporation/condensation systems for heating and cooling systems of
lesser mass than now used

Characterization of flammability and smoke from spacecraft materials in
candidate atmospheres (reduced pressure, enriched oxygen concentration)
for Moon and Mars [requires CIR]

+ Examples: 0g testing of polyethylene, plastics, and other materials; will
verify a new test method(s) in 1g for materials’ selection

Characterization and verification of performance of onboard and advanced
smoke detectors and suppression systems [requires CIR]

+ Examples: False smoke alarm on ISS today occurs; first test of CO2
suppression system
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Development, and Demonstration

2

‘Nas
%JQ

‘;j/ ISS — Human Support Systems Research,

~~+  Examples of Specific Products or Projects on the ISS (continued):

— Experimental demonstration of rapid prototyping technology for in-space
fabrication of spare parts or fabrication / recycling of medical instruments
[requires MSRR]

Experimental demonstration of granular media for guidance for particulate
control during EVA surface operations and for materials’ handing for ISRU
[requires FIR]

Demonstration of microbial technologies for water recycling methods for
advanced ECLSS [location TBD — either FIR or Express Rack]

Demonstration of new technologies for oxygen generation [location: TBD,
likely Express Rack]

Demonstration of Og fabrication of useful materials from regolith simulants
[requires SpaceDrums]

» The range of products have associated requests for ISS resources

— Capacity to meet requests dependent upon several factors -- Shuttle Return
to Flight requirements, ISS vehicle health and maintenance needs, post-
Shuttle vehicle capabilities, etc.

— Actively working with the Office of Space Flight to identify ways to address
requirements in light of available capacity

TTONSOCETZ-V00C—dO/VSVN




A DUAL TRACK TREADMILL IN A VIRTUAL REALITY
ENVIRONMENT AS A COUNTERMEASURE FOR NEUROVESTIBULAR
ADAPTATIONS IN MICROGRAVITY

Susan E. D’Andrea Ph.D.*, Michael W. Kahelin B.S.
Department of Biomedical Engineering, The Cleveland Clinic Foundation, Cleveland, OH

Jay G. Horowitz Ph.D., Philip A. O’Connor M.S.
NASA Glenn Research Center, Cleveland, OH

INTRODUCTION .
While the neurovestibular system is capable of adapting to \.qu
altered environments such as microgravity, the adaptive state  R®
achieved in space in inadequate for 1G [1]. This leads to gait \V/

and postural instabilities when returning to a gravity

environment and may create serious problems in future l
missions to Mars. New methods are needed to improve the
understanding of the adaptive capabilities of the human
neurovestibular system and to develop more effective
countermeasures [2]. The concept behind the current study is
that by challenging the neurovestibular system while walking or ~ FIGURE 1: Dual Track Treadmill
running, a treadmill can help to readjust the relationship between the visual, vestibular and
proprioceptive signals that are altered in a microgravity environment. As a countermeasure, this
device could also benefit the musculoskeletal and cardiovascular systems and at the same time
decrease the overall time spent exercising. The overall goal of this research is to design, develop,
build and test a dual track treadmill, which utilizes virtual reality, VR, displays (Figure 1).

PILOT STUDIES

Pilot studies were performed to evaluate the potential of the system to stimulate the
neurovestibular system. Twenty subjects were tested running on a dual-track treadmill in
simulated curve walking scenes. Subjects also participated in an extended trial consisting of
walking 30 minutes in one randomly assigned condition. Before and immediately following
testing, subjects ran a timed obstacle course. Results revealed that the combination of visual and
proprioceptive stimuli provided by the VR system and the movement of the treadmill
respectively, will significantly increase the stimulus to the neurovestibular system.

TREADMILL DESIGN

The proposed treadmill has been designed to function with two belts and four actuators to both
elevate and incline the tracks independently (Figure 2). Along with dual speed control, this
arrangement will enable the system to replicate motion found during ascending and descending
hills, going over rough terrain, turning corners and climbing stairs. Working in conjunction with
the VR display, the treadmill system will provide an immersive environment for testing effects on
the neurovestibular system.
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The system’s motion is governed by six independently controlled axes: two AC motor-driven
treads and four servo-driven linear actuators. The system can be simplified as a hierarchical
structure composed of three levels and ten components (Figure 3). The highest level of the
hierarchy is the main user interface which governs all functions of the system, including manual
control, programmed control, and path generation. It is also responsible for synchronizing the
system’s motion with its visual display. The user interface level communicates directly with the
motor controller and visualization application. The visualization application, created by NASA,
uses a “morphing hallway” algorithm to create a visual environment that simulates motion in
three dimensions, as well as a variety of terrains including stairs. This application outputs the
visual effects to a display unit. The motor controller is responsible for the motion of the motors.
This component is linked to the user interface via component object model (COM) interface.
The controller is responsible for the PID control of the servomotors and the translation of the
user interface’s mnemonic code to machine code. The lowest level of the hierarchy represents
the hardware of the system. This level is responsible for providing the physical stimulation to the
subject. It is composed of the visual display and the actuation devices working through the
treadmill frame.

T/ Actuators il Main User Interface
gu B
% Pivot Points
oy .

12%147
27 [@* ij Visualization Application
S &5 Toje )

a). Elevation b). Inclination
[ﬁr 1 a1
=
Side View
Figure 2: Treadmill Schematic Figure 3: System Overview

Biomechanical testing will concentrate on establishing the extent to which the treadmill will
stimulate the neurovestibular system. This will include motion analysis, electromyography,
accelerometry and pupil tracking data. It is expected that these biomechanical parameters
indicating neurovestibular response will differ significantly while walking and running on a
standard treadmill from those recorded using the novel virtual reality dual track system.

REFERENCES
1. Bloomberg, et al., 1997. Journal of Vestibular Research, Vol. 7, Nos 2/3, pp 161-177.
2. Oman, C.M et al., 1996. Journal of Applied Physiology, Vol. 81, No. 1, pp. 69-81.
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Research Objectives
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* To design and develop an exercise
countermeasure

 Challenge the postural control system
» Exercise balance and locomotor reflexes

 Alleviate adverse adaptations to the
neurovestibular system

* Address multiple physiological
systems

* Neurovestibular
 Musculoskeletal
e Cardiovascular




Neurovestibular Adaptations
- m Mtcrogravzty
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* Space motion sickness,
visual reorientation
illusions, inversion
illusions

Post flight
modifications to
posture, balance,
locomotion, head-eye
coordination

Visual Reorientation
lllusions Inversion lllusions
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Challenging the
Neurovestibular System

 Balance reflexes are supported by vestibular, visual
and proprioceptive sensory systems

Design a countermeasure
which can adjust the
relationship between the
visual, vestibular and
proprioceptive signals.

Facilitate the re-adaptation
of neurovestibular system
to a gravity environment.

Sensory and Balance System

Vestibular
Apparatus

'

Eyes

R

Brain Stem

Cerebellum ﬁ T l
/Epinal Cord

Oculomotor
Center (eye
I'I"IIZI\FEI'I"!EHIS]

l

Body

Tl

'}Higher Brain

g

Joint,
tendon,
muscle,
and
cutaneous
receptors
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Critical Path Roadmap

. : Risk Level
Disorientation

and inability to HIGH
perform landing,

egress or other

physical tasks

Impaired neuromuscular
coordination and/or strength

Impaired Possible Vestibular
cognitive chronic contribution to
and/or impairment of cardio-
physical orientation or regulatory
performance balance dysfunction
due to motion function due to

sickness microgravity
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In the US, 2 million adults have balance disorders
or impairment from dizziness

Eighty million adults have experienced clinically
significant dizziness problems at some point in
their lives

Balance related falls account for one half of
accidental deaths 1n the elderly

Countermeasures can help physicians diagnose
and treat patients with neurovestibular diseases




System Components
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Virtual Reality Display

Dual Track Treadmlll
Software Interface Motion Control System
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[44)

- 12.5147
w

b). Inclination

» Independently operated
tracks
* Speed
— Curves
» Elevation
— Stairs
— Rough terrain

e Inclination
— Hills

Dual Track

Treadmill
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Virtual Reality System

 Visualization was developed with
state-of-the-art virtual reality
techniques at NASA Glenn

Research Center.
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To optimize for performance and
flexibility, the 1llusion of motion
was created by morphing a single
segment of hallway and sliding
textures along the walls.

Graphics will port easily to
immersive display devices, such as
stereoscopic Head Mounted

Display.




Hardware Configuration

Motion Control
Process

| /
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= Tread Motor
Controllers

\4

Tread Moto@
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Software Overview

Master Control Console — Setup File
Tuning Parameters, Scaling Factors Home Position

v
Load Path Created In
Matlab Path

Array of VR Generation Tool
Commands

Array of Actuator
Positions and
Tread Velocities

A 4

[Tab Delimited Text File} [Tab Delimited Text File}

] 6k Controller — v
[ VR Visual Display ] Motion Control (

L Master Control Console ]

Program Tread Motor
Controller
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Matlab® Path
Generation Program

Select Points On XZ
Plane and Spline

Select Points On XY
Plane and Spline

Pick Points On Mean
Velocity Profile and
Spline

Insert Intervals of
Stairs and Rough
Terrain

Input Sample Rate
And Duration of
Trial

Output Array With
4 Actuator Positions
And 2 Tread Speeds

Output Array With
Curvature and
Inclination

Degree of Inclination

Path Generation

Hill Simulation Program

RIGHT 45deg

Speedikmshr)

Degree of Curvature

40

4.25
42

.
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[ R
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05
Time(mir])

0.5
Tirmeimin)

Foot Speed

Time(sec), Right = Red, Left = Blue




Pilot Studies

— 20 subjects
« 7F, 13M
« Average age 25

TTONSOCETZ-V00C—dDO/VSVN

— Obstacle course

— Tested 1n 4 conditions for 3
minutes each

* Control

* Visual only

e Treadmill only

* Treadmill and visual
— Extended trial

* 30 minutes at one
randomly assigned
condition




Neurovestibular
Treadmill only gaze Adaptation

Control gaze

m Visual only gaze
m Treadmill + visual gaze Results
Comparison of the range of
gaze velocity in four
experimental conditions
i i Timed Obstacle Course Results
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Treadmill Construction
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NUCLEATE BOILING HEAT TRANSFER
UNDER MICROGRAVITY CONDITIONS
- POOL AND FLOW BOILING

Vijay K. Dhir
Henry Samueli School of Engineering and Applied Science
University of California, Los Angeles

Presented at

Strategic Research to Enable NASA's Exploration Missions
Cleveland, Ohio, June 23, 2004
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MULTIPHASE AND PHASE CHANGE PROCESSES IN
MICROGRAVITY

»> Wastewater recovery systems
*  Distillation systems
*  Evaporation systems
*  Phase separators

» Thermal management
*  Radiators
*  Energy storage - Phase change materials

» Propulsion systems
> Space power systems

*  Rankine cycle - Liquid metal reactors, heat exchangers,
phase separtors,

JYBOBYLORN
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GAPS IN KNOWLEDGE

» No mechanistic or empirical models are available to describe all the
observed phasic behavior and related heat transfer during pool
nucleate and film boiling.

»> Some of the difficulties in developing correlations and models is due
to the lack of understanding of the coupling between the test heater and
the test chamber as the bubble size becomes comparable to both. The
duration of the experiments in another important variable.

> Only a few studies of forced flow boiling of ordinary liquids under
reduced gravity condition have been reported. However the flow
velocity above which gravity becomes unimportant is not known as a
function of independent variables.

> No studies of the phasic behavior and heat transfer during pool or
forced boiling of liquid metals in reduced gravity have been reported.

> Not much is known about quenching behavior in reduced gravity of -
FABOBILON
an overheated surface. e

e
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> Since pool boiling is the limiting condition of flow boiling, a need exists
to understand heat transfer and vapor removal processes during pool
nucleate boiling from a well characterized surface under microgravity.

> Develop a mechanistic numerical models to predict bubble dynamics
and heat transfer during pool and flow boiling in partial and microgravity
environments. Extend to liquid metals.

»Use two liquids with distinctly different properties (water and FC-72).
Some properties of FC-72 (e.g.., wetting characteristics) are similar to liquid
metals.

> Subsequently extend the effort to simulate boiling and dryout in the
boiler of two-loop Rankine cycle power plant.

JYBOBYLORN
HEVL |vieLEY
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APPROACH

Building block type approach
* Single bubble
* Two — Three bubbles
* Five bubbles on a two-dimensional grid
* Multiple cavities on a heater surface
Experiments at Earth normal gravity
Experiments in the low gravity environment of the KC-135 aircraft

Numerical simulations

Experiments in the microgravity environment of the space station

JYBOBYLORN
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EXPERIMENTS IN THE LOW GRAVITY
ENVIRONMENT OF THE KC-135 AIRCRAFT

POOL NUCLEATE BOILING
Bubble Growth — Lift off Cycle

t=4.97s

t=11.77s t=12.15 s (Departure)

AT, = 0.3 °C, AT, =4.2 °C, g = 0.02 g/g,

JYBOBYLORN
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POOL NUCLEATE BOILING (contd.

Single Bubble — Numerical Simulations

_______________________

Liquid

A

\'r=R, Wall Jr=R,

Comparison between measured and predicted bubble
shapes for AT, = 3.8°C, AT,=0.4°C and g, = 0.02 g,

AABOBILON
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Growth Period
100 10000
1000
-
D0 100
I &
o i
= > 10
o) <
g 1 T
Merged bubbles 0.1
0.1 001
0.001 0.01 0.1 1 10
92/e el
Lift off diameter

POOL NUCLEATE BOILING (contd.)

Scaling of the Effect of Gravity on Bubble Lift-off Diameter and

0. 01 1
9:/9,
Growth period

10
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POOL NUCLEATE BOILING (contd.

Bubble Merger

Experiments of Qiu ef a/ (2000)

Before Touching Touching Liguid Lift-ofT

separating  vapar
ﬁ . ﬂ ; g . a i I

t=0.5s t=2.5s t=29s t=3.05s t=3.15s t=3.2s

Numerical Predictions

=3.0 °C, g = 0.0033g,,

Two bubble merger for water, AT = 5.0 °C, AT
spacing = 7 mm

sub

JYBOBYLORN
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POOL NUCLEATE BOILING (contd.)
Bubble Merger — Heat Transfer

0.16
q-wall

0.12 | - = = -g-microlayer
o g-interface
5
% 0.08

0.04

0.00 ‘ ‘ SRR D

0.00 0.50 1.00 1.90 2.00 2.50
Time, sec

Five bubble merger for saturated water, AT = 7.0 °C, g = 0.01g,,

spacing = 7 mm
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POOL NUCLEATE BOILING (contd.)
Boiling eXperiment Facility (BXF)

BXF is a multi-use apparatus designed to accommodate two fluid
physics experiments

Nucleate Pool Boiling eXperiment (NPBX)

Intends to use BXF to develop a basic understanding of heat transfer
and vapor removal processes that take place during nucleate boiling
from a well characterized surface under microgravity conditions.

JYBOBYLORN
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CV.

Test
chamber

POOL NUCLEATE BOILING (contd.)
VIEW OF FLIGHT HARDWARE IN MSG

Viewing window

HSC camera

Microscopic lens

HSC processor

Avionics box

FYBOBYLON
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POOL NUCLEATE BOILING (contd.)

NPBX Test Chamber

U

Heater (85 mm dia.)
with 5 cavities
spaced 27 mm apart

\ —

ello

228 mm

|__— Test chamber

114 mm

Amm

JYBOBYLORN
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POOL NUCLEATE BOILING (contd.)

Single Bubble — Numerical Simulations

g=10"¢g,
Click here to play movie Click here to play movie
Saturated FC-72, AT, =10 °C Saturated Water, AT, =10 °C
o=10° 0 =54°

JYBOBYLORN
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\\)//%



TTON/SOCETZ-V00C—dO/VSVN

<14}

Top
view

Front
view

POOL NUCLEATE BOILING (contd.)

Three Bubble Merger — Numerical Simulations

Click here to play movie

Click here to play movie

g, =10° g,
Fluid: Sat. FC-72

Side
view

Click here to play movie

JYBOBYLORN
HEVL [ByekEy
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POOL NUCLEATE BOILING (contd.
Five Bubble Merger — Numerical Simulations

3

=10"5g,

N
=T

= (.5 sec
Fluid: Sat. FC-72

Time lag

AABOBILON

HEVL LBVRLEs
e

Click here to play movie

—=
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TRANSITION FROM POOL TO FLOW BOILING
Low Velocity Flow Boiling

Ayt TN

. { " Stainless steel
Traversing ", hose assembly
Thermocouples;
% _Silicon wafer
T T
Test ) e
section B [ i f_'—'jrf_'_‘ji wal |
L Filter Cl}ra; K
@ ] I i
Developing — T
section S / Tank \
(0.3 m) O =]
~|—Iﬂ E: ] . | )
?’“3'_ TTTTRInalA L% d}@ f';,l: Heaters (12 kW)
= q—') L e - kY \le-ﬁ‘
—~H S LTSS Ty
“l; - Turbine N H
reheater Gear pum j - ]
flowmeter pump  4f " Drain ARV

HEVL JEYHRLES

\\)//%




TTOA/SOCETZ-1700C—dO/VSVYN

214"

FLOW BOILING (Contd.)
Low Velocity Flow Boiling — Earth Normal Gravity

2.0 ’ ‘ ’ ‘ ‘ ‘ ‘
S AR
16 89 ————— R RS SRR
CTONR T IS SO SIS
i S S e ] ©0.076 m/s
—~ : AT ! ‘ : :
CIRTY RSSO 1Y WO S NSRS B TR
8§ I S I Cm
CTOBﬁ """ - 'jl":"'f'.”} """"" B A0.14 m/s
06d----! L AR o]
0.44----: I R N IR I I
02_”__5 ________________________________________ @0.24 m/s
0.0 : ; ; ' ; ;
0 20 40 60 80 100 120 140 160
orientation
(degrees)

Departure and lift off diameters as a function of velocity and angle of inclination

3.0 q .

. 0 Pool
254 R EET R PR o---
W o % g R
i ¢Tg A m ||©0076ms

Bopooio R S
o8 T T . 7777777777777777 A0.14 m/s
OIS e ELLL LT EEEEFEFL FEEEEEEE
m0.24 m/s
0.0 r : y y
0 20 40 60 80 100
orientation
(degrees)
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FLOW BOILING (Contd.)

Experimental Setup (KC-135)
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FLOW BOILING (Contd.)
KC-135 Experiments

Click here to play movie

Fluid: water, AT, =6 °C, AT, = 0.5 °C, g, = 0.023g,

JYBOBYLORN
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FLOW BOILING (Contd.)

Low Velocity Flow Boiling - Numerical Simulation

g, = 1.0g, g, = 0.02g,

Click here to play movie

Click here to play movie

Fluid: water, AT = 6 °C, AT, = 0.2 °C, v = 0.08 m/s

JYBOBYLORN
HEVL LEVHeLEK

e



TTOA/SOCETZ-700C—dO/VSVYN

41"

FLOW BOILING (Contd.)

Low Velocity Flow Boiling - Numerical Simulation

Click here to play movie

Fluid: water, AT = 6 °C, AT, = 0.2 °C, v=0.08 m/s

g, = 0.02g,

JYBOBYLORN
HEYL [YieLEs

e



TTOA/SOCETZ-1700C—dO/VSVYN

€qt

yct

CONCLUSIONS

Pool Boiling

> For single bubbles, the departure diameter scales as g, for water
and as g, %4 for FC-72

> For single bubbles, the the growth period scales as g, for water
and as g, 3% for FC-72

> Bubble merger leads to a “lift” force normal to the surface. As a
result of this force, the bubble departure diameter is smaller than
that for a single bubble. The lift force weakens the dependence of
bubble departure diameter on gravity

Flow Boiling

» The departure and lift off diameters have a weaker dependence on
gravity

» The magnitude of gravity normal and along the surface are found to
affect the dynamics of bubble departure

JYBOBYLORN
HEVL |vieLEY
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Development of a Portable Unit for Metabolic
Analysis

D.L. Dietrich, N.D. Piltch, J.R. Juergens, M.E. Lewis, M.J.
Lichter, P.M. Struk, NASA GRC

R.D. Pettegrew, NCMR

R.W. Valentine and M.E. Cabrera, CWRU

June 21, 2004
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Objective

Develop, test and calibrate a prototype portable device that will
measure human metabolic activity; namely time resolved
measurements of gas temperature, pressure and flow-rate, and
oxygen and carbon dioxide partial pressure during inhalation and
exhalation.
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Motivation

» Rate of metabolic activity is a better measure of fitness than
heart rate and workload.
» Need for a unit to measure metabolic rate during varied
activities (including EVA).
» Cardiovascular Alteration.

» Muscular Alteration.
» Nutrition Fitness and Rehabilitation.

» Evaluation of fitness and training programs.
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1SS Gas Analyzer System for Metabolic Analysis
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Design Goals

Breath by breath analysis and within breath analysis
» Design goal is 10 Hz (minimum)

Eliminate timing issues with existing fixed and portable units
(sampling at mask instead of remotely)

Utilize better oxygen sensor technology than exists with
existing portable units (electrochemical cell)

Integrate PUMA with other Glenn BEC projects
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Specific Technologies

Pressure (used indirectly)
» Use COTS technology

Temperature (used indirectly)
» PUMA-1 uses COTS technology
» Next generation may use different technique
Flow
» PUMA-1 uses COTS technology (ultrasonic sensor)
» Also looking at GRC-developed thin film sensors
Carbon Dioxide

> Infrared absorbance (custom developed system)

Oxygen
> Fluorescence quenching (custom developed system)
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Carbon Dioxide Subsystem

» Technology similar to . T =235

728.9 mmHg

commercial CO»
Sensors

CO, Transmittance [%)]

Filter Bandpass

100—E
80—; ”M Detector Voltage (V)
GO—E | | |
40 » Modulated IR source (currently
"3 incandescent-chopped)
0 LN —

Camam a4k s » PbSe photoconductive detector

Wavelength [um]
(cooled)

O
)
I
i
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Ozxygen Subsystem

» Commercial sensor
uses absolute intensity

» Modulated blue light
source

» Custom detection
electronics/algorithm

140 &

120

Po, ( mmHg)
rp © ® O
S & & o
| | | |
+

n
o
|

o
|

-186 -184 -182 -180 -178 -176 -174
D (deg)

Normalized Voltage

Time (s)

—— Excitation Signal (Blue LED)
Fluorescence in Nitrogen
= = = Fluorescence in Air

Measuring phase shift is:
» More stable/repeatable
» Less temperature dependent

» Not as sensitive to ambient light
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PUMA-1 Overview

» First generation CO»
and second generation
O> sensor

» First unit to
incorporate
simultaneous
measurement of all
quantities

» CO> unit working, but
needs modification

» Current sample rate is 2.5 Hz

» Unit is 22" x 15" x 7" and
approximately 22 Ibs
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Future Work

Complete characterization of PUMA-1 (Summer '04)

Get IRB approval for Human Subject Testing (Summer '04)

Human Subject Testing on PUMA-1 (Fall/Winter '04)

Begin design work on PUMA-2

» Battery powered
» 10 Hz minimum sample rate
» Suitable for use on a belt pack

Software to allow use as a digital spirometer




ADVANCED LIFE SUPPORT WATER RECYCLING TECHNOLOGIES
CASE STUDIES: VAPOR PHASE CATALYTIC AMMONIA REMOVAL
AND DIRECT OSMOTIC CONCENTRATION

Michael Flynn
NASA Ames Research Center

Design for microgravity has traditionally not been well integrated early on into the development of
advanced life support (ALS) technologies. NASA currently has a many ALS technologies that are
currently being developed to high technology readiness levels but have not been formally evaluated for
microgravity compatibility. Two examples of such technologies are the Vapor Phase Catalytic Ammonia
Removal Technology and the Direct Osmotic Concentration Technology. This presentation will cover the
design of theses two systems and will identify potential microgravity issues.

NASA/CP—2004-213205/VOL1 164



TTONSOCETZ-V00C—dO/VSVN

NASA Workshop on Strategic Reseanch to) Enable
NASA®s Exploration Missions

June 22285 2004
Cleveland @hio

Wligteig B by
AMCSIRESCAIChNEENIC!
Wlgtteit Bield Ca 940)55
G30-604=1 163
reihyeiel @ineizbi e Tl S0y




TTONSOCETZ-V00C—dO/VSVN

Advanced Lite Support

Water Recycling

One of the “tall poles™ in the development of a viable
human Mars Exploration program 1s the development oi
applicable Advanced LLife Support System.

@i alll the metaboelic requirements Waler 1S, the most:
Signiiicant

WaleHaCCOUNISHORBE Y9 0istheorimeab OlICHESUPPLY
licquitemenisioMkeepanasionaui al Ve n space:

Uging tne Yy Raeference Wliggion a3 2 vageline zricl 1Yl
Patnfiacler launen cost datz tne cogt of gugolying ywater for
ety igsion b ite gperl oy ezge 19 over w1 Billio:n

ASSumplionss 6 astmonauise How=34 18kl duration=960days: [aunchiCost="$150,000/ks



Advanced Lite Support
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* The ALS program supports fundamental research
into the development of new: technologies.

o lit: supports the development ol these technologies
(o highttechnology  readimesstlevels (TRIE 5-6).

shlihizsineradequaleiyasuppoicd e ValldAHen ol
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tecriologies (ML 7 0 g).




=
Q
g}
@)
-
el
@k
<t
O
S
=
-
-
G
o
=
=
aZ

NASA/CP—2004-213205/VOL 1




Alternative Approaches’?

* [ntegrate technology development and
microgravity design early on in the design process.

TTONSOCETZ-V00C—dO/VSVN

Complete a set off iundamental microgravity: iluid
physics experiments that will haye bioad
applicability torAlLS:

— Workshop on Critical Issues in Microgravity: Eluids,
Bezinig oot ziclel Mezletlonl Prgaesses Tl Achyziniazel Eltinnizinl
Stupportfechnology

HOFMNCAMSSVIMNMICTOSTAVAACOMIRIAIG
eyl 19 generiie didwers [o uedtions aggocizted
SyLtnl exdlgilng fediiologies:




Case Study Examples
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o Vapor Phase Catalytic Ammonia Removal

— Cunrently a TRIC'S technology: being developed
lior advancement tor ITRIE6

o Dirccr Osmotic(Concenbration

— Currgniby 2 TS tediiglggy veiiny davelgyed
toradvericanent i T E




Vapor Phase Catalytic Ammonia Removal (VPCAR)
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Vapor Phase Catalytic Ammonia Reduction

The VPCAR is designed to accept
a combined waste stream (urine,
condensate, and hygiene) and
produce potable water i a single
step.

The system is designed to requite
10 re-supply: or maintenance.

Thericchnologyasimodularand
can' berpackaged to fit mio a
volume comparable to a single
SPACCESANONNACES

The tectinoglogy iz peerl fie
Subject GimanyANASANAdES
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WERD Components
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Rotor Assembly




Wiper Blades
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Click here to play movie



Microgravity: Evaporator
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VPCAR Systems
Flight Veriication
Topics

Thermal properties of thin fluid films
Iworphaserilow mn open chambers
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VPCAR Systems
Flight Veritication
Topics (Cont.)

Pumping ol saturaied Humds
Suriace iension dinectedilomw: stability;
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Direct Osmotic Concentration (IDOC)




IDOE Description
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o The DOC tcchnology is a highly integraicd membrane /.
distillation / oxidation based Waler processor.

[incorporales a noyel ditect OSmosis Siepy an OSmoLic
distillation Stepy d reVense Osmosis sicp, andia catalyiic
[CACHOIRPOSECANIICIINSUC])

Te DOC tecniology is degivned to acceyt deva e
nyeieie and uine -~ comcdensaite giresis zilch proclices
woryle weter witlle recuiring litile re-guiygly or
pnaiiltenzice for 2 5 year mlssion




PDOC Simplitied Flow Diagram
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IDOC Complete
Flow: Diagram
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DO FElight Verification
Tepics
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Three phase tlow.

Two and three phase How: inimembrane elements
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Investigations of pulmonary epithelial cell damage due to air-liquid interfacial
stresses in a microgravity environment

Donald P. Gaver II1
Department of Biomedical Engineering, Tulane University, New Orleans, LA, USA
A.M. Bilek, S. Kay and K.C Dee
Department of Biomedical Engineering, Tulane University, New Orleans, LA, USA

Pulmonary airway closure is a potentially dangerous event that can occur in microgravity
environments and may result in limited gas exchange for flight crew during long-term space
flight. Repetitive airway collapse and reopening subjects the pulmonary epithelium to large,
dynamic, and potentially injurious mechanical stresses. During ventilation at low lung volumes
and pressures, airway instability leads to repetitive collapse and reopening. During reopening, air
must progress through a collapsed airway, generating stresses on the airway walls, potentially
damaging airway tissues. The normal lung can tolerate repetitive collapse and reopening.
However, combined with insufficient or dysfunctional pulmonary surfactant, repetitive airway
collapse and reopening produces severe lung injury. Particularly at risk is the pulmonary
epithelium. As an important regulator of lung function and physiology, the degree of pulmonary
epithelial damage influences the course and outcome of lung injury. In this paper we present
experimental and computational studies to explore the hypothesis that the mechanical stresses
associated with airway reopening inflict injury to the pulmonary epithelium.

Experimental Investigations

Experiments were performed in a parallel plate chamber lined with pulmonary epithelial
cells, which was constructed as an idealized model of a collapsed segment of an airway where
the walls are held in opposition by a viscous fluid. These experiments were conducted to
determine whether air-liquid interfacial stresses can cause damage to epithelial cells, and to
provide response behavior that can be correlated to the mechanical stimuli determined from
computational investigations (below).

In a first set of experiments, a fetal rat pulmonary epithelial cell line (CCL-149, ATCC) was
cultured to confluence on a small (1 cm?), square region of the upper plate. The narrow channel
was filled a model airway lining fluid. Phosphate buffered saline including 0.1 mg/mL CaCl, and
MgSO4 (PBS) was used to model a surfactant-deficient airway lining fluid. A surfactant-
containing airway lining fluid was approximated using Infasurf (ONY, Inc.) diluted to 1 mg/mL
phospholipid concentration in PBS. Airway “reopening” was generated by the steady progression
of a semi-infinite bubble of air down the length of the channel using a constant rate infusion
pump (7 or 70 mL/min). A digital camera mounted above the channel collected sequential
overhead images of the progressing bubble, which were used to calculate bubble velocity. Once
removed from the apparatus, the slide was incubated with 1.2 uM Ethidium homodimer-1 (Eth-
1) and 1.2 puM calcein AM (Molecular Probes). For each slide, the number of injured cells was
recorded as the average number of Eth-1 stained nuclei counted in fluorescence microscopic
images.

In a second experimental study, we attempted to discriminate the stress magnitude from the
stimulus duration. To do so, the stress magnitude is modified by varying the viscosity of the

NASA/CP—2004-213205/VOL1 187



occlusion fluid while fixing the reopening velocity across experiments. This approach causes the
stimulus duration to be inversely related to the magnitude of the pressure gradient. We also
explore the mechanism for acute damage and demonstrate that repeated reopening and closure is
shown to damage the epithelial cell layer even under conditions that would not lead to extensive
damage from a single reopening event.

Fluid Dynamic Simulations

The bubble and parallel-plate flow chamber was modeled as a semi-infinite bubble
progressing within a Hele-Shaw cell. In this model the walls were separated by a distance 2H,
with the semi-infinite bubble progressing in the x-direction with tip velocity U. The surface
tension, vy, was constant. The capillary number, Ca = pU/y, representing the relative importance
of viscous to surface tension effects on the bubble determines the dynamic response of the
system. Stokes equations, VP = pV?u and V «u = 0, were solved using the boundary element
method. The interfacial stress condition applied at the air-liquid interface was |cen [=ykn,
where o = -PI + u(Vu + Vu') was the stress tensor, 7 was the unit normal, and « was the
interfacial curvature. For a given Ca, the system was simulated until a steady-state meniscus had
developed and the stress-field and bubble geometry were determined.

Three potentially injurious components of the stress cycle associated with bubble progression
— the shear stress, the shear stress gradient, and the pressure gradient — were analyzed.
Regression relationships describing the behavior of these components as a function of Ca were
determined for very small Ca (5 x 10™* < Ca < 2 x 10). Additionally, the thickness of the thin
film deposited by bubble progression was estimated. Dimensionless values for the experimental
flow conditions were extrapolated from the regression equations and redimensionalized.

Results and Discussion

For each condition the average number of injured cells per square centimeter was measured.
For the saline-occluded channels, bubble progression at both velocities produced significantly
increased numbers of injured cells when compared to the control. The slow velocity resulted in a
66-fold increase in the number of injured cells and the fast velocity produced a 20-fold increase.
The addition of Infasurf to the occlusion fluid reduced the number of injured cells to a level
similar to the control. These results support the hypotheses that mechanical stresses associated
with airway reopening injure pulmonary epithelial cells and that pulmonary surfactant in the
normal lung protects the epithelium from injury due to airway reopening.

The stress component that best agrees with the experimentally observed trauma is the
maximal pressure gradient. Pressure gradients create a force imbalance on the cell membrane
over the length of the cell. In addition, cell damage remains directly correlated with the pressure
gradient, not the duration of stress exposure. For a low profile predominately flat cell (or region
of a cell), the non-uniformly distributed load can depress the cell and stretch the membrane. For
high profile cells or regions of a cell, such as the protrusion cause by the nucleus, where the
normal forces of the cell surface are nearly opposite, the pressure gradient will pinch that region.
The pinching can tear the membrane at the base of the protrusion or force fluid upward rupturing
the top surface of the cell. The present study thus provides additional evidence that the
magnitude of the pressure gradient induces cellular damage in this model of airway reopening.
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Investigations of Pulmonary Epithelial Cell
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Critical Path RoadMap

Cardiovascular Alterations Pulmonary Alterations
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e Impaired Response due to e Airway Closure Becomes
Modified Orthostatic more Homogeneous
Mechanical Stress

Diminished Cardiac Potentially Impaired
Function Pulmonary Function

Impaired Response to Impaired Response to
Exercise Stress Exercise Stress
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Gravity Effects on Ventilation
Distribution

Pleural Pleural
Pressure (FRC) Pressure (RV)

—7~5cmH20 —2-2cmH20

-0-5cmH,0 . +4-8¢mH,0

N
(=]

0 AirwayClosure o .. . . . 0
-10 o 10 20 30 40 -10 0 10 20 30 40
TRANSPULMONARY PRESSURE (cmH,0) TRANSPULMONARY PRESSURE (cmH,0)

Milic-Emili, J. Respiratory Physiology I, vol. 2,
1974

* (A) At FRC the lower region is less expanded, but more compliant

so it receives larger portion of ventilation

* (B) At RV the lower lung regions experience airway closure
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Airway Closure in Microgravity

Bifurcation

MICROGRAVITY CAUSES:
Airways

*Regional Modification of Ventilation

*Changes of Blood Perfusion

*Variation in Lung Capacity

*‘Patchy’ regions of airway collapse

Alveoli

A

Alveolar Sac




Related Terrestrial Syndromes
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‘Infant Respiratory Distress Syndrome
*Acute Respiratory Distress Syndrome

*Ventilator-induced Lung Injury
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Motivation
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Our goal is to determine the cause of
reopening-induced damage, and the
surfactant properties and airway reopening
strategies that will allow pulmonary
airways to be opened with minimal damage
to the lung.




Stresses in Airway Reopening

Direction of Bubble Progression
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Air Bubble Collapsed Airway

o) () ()(a

Gaver, Jensen, Halpern and Grotberg, J. Fluid Mech., 1996




Mechanisms of Cell
Mechanotransduction and Damage

3-D Surface Topography
Influences Stress
Distribution
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Cell Culture Experiments

Pulmonary Epithelial Cells

Glass Plate ~ i (L2 or A549)
[ & T o T e 21 2o ] — — = 1 = 1 <= I

Occlusion Fluid

_>U (PBS or Infasurf)

(~0.25-2.5cml/s)
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Glass Plate —

Lung epithelial cells were:
Cultured in an idealized model of small airways,
Exposed to a moving finger of air under reopening
conditions,
Examined for cellular trauma.




Methods — Variable Velocity

eLung epithelial cells (CRL-149, ATCC) cultured to
confluence on glass microscope slides.
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eThe channel dimensions were 2.5 x 7.0 x 0.17 cm.
eTwo velocities (0.27 and 2.7 cm/s) were assessed.

eTwo occlusion fluids were assessed:
— phosphate buffered saline (PBS) and

— 1 mg/mL Infasurf (ONY, Inc., Buffalo, NY) in
PBS.

eCellular trauma was quantified using fluorescent
staining (Live/Dead Kit, Molecular Probes).
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Stress Field — Rigid Channel

Direction of Bubble Progression

—

Air Bubble > Fluid Occlusion




Injury by a Single Bubble Progression
(L2 cells, Live/Dead Kit)

Bubble Velocity
Control 0.27 cml/s 2.7 cmls
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Injury by a Single Bubble Progression

(L2 cells, Live/Dead Kit)
1 PBS M Infasurf (1 mgimL in PBS)
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Mechanisms of Cell Membrane
Wounding
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Pressure
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Pressure Gradient
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The Flow Model

Steady Flow of a Semi-Infinite Bubble in a Channel
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Surface Tension, v,

oH Q = Constant

Newtonian
Fluid, n

Governing Parameter:




Predictions
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Cell Damage

Control 0.27 2.7
Bubble Velocity [cm/s]

AT AP N

S
dyn/cm? 2 S \
(dyn/cm?) (dyn/cm?) ()

Saline ! 9.2 RET)

Saline i P 170

Infasurf . . 89

Infasurf i . 44

\ :




Predictions of Cell Normal Stresses
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Decreasing Velocity . .
1. Film Thickness

decreases with
decreasing
velocity

Decreasing Velocity The pressure

gradient on the
cell surface
Increases with
decreasing
velocity

*_P*
P pup” )

Dimensionless Pressure,




Investigations of the Applied Stress
Duration

The variable velocity experiments
Induce stresses on cells that are not
of constant duration.
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Hypothesis:

The slow velocity experiments may
induce greater damage because of
the increased exposure time.




Methods — Constant Velocity
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eHuman Pulmonary Epithelial Cells (A549, ATCC) cultured to
confluence on glass microscope slides.

eThe channel dimensions were 2.5 x 7.0 x 0.17 cm.
oA single velocity (0.34 cm/s) was applied.
eTwo viscosities were used

u=8x10-3 g/(cm s) (PBS)

u=8x10-2 g/(cm s) (PBS + 14% Dextran)

eCellular trauma was quantified using fluorescent staining
(Live/Dead Kit, Molecular Probes).




Traveling-WWave Behavior

I~ Lubrication Film
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as
Ca Increases

Pressure Gradient
Decreases
as Ca Increases

Pressure Field Near Contact Line




Traveling-VWWave Behavior
PA Ca>0

- e = e - - |dP/dx| Decreases as
A Ca Increases
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Pressure Gradient, not Exposure Duration,
Determines Damage

U=0.34 cm/s, Mpextran = 1OMPBS

1 PBS
3 PBS/Dextran
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Kay et al. , JAP, 2004
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Investigations of Topography

e Our system is modeled to isolate the
influence of epithelial topography on
the following components of the stress
cycle during airway reopening:

— shear stress and shear stress gradient
— normal stress and normal stress gradient

bubble
progression

\\ - bubble
JJ progression




Computational Model
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/epithelial cell layer

semi-infinite bubble

Q fluid
occlusion
constant surface tension, y constant , p

e Geometric Parameters: e=a/lH A= A/H




TTOA/SOCETZ-700C—dO/VSVYN

Computational Model

Boundary Element Method

Interfacial Stress
T =yKN

Kinematic Q

BOUM‘?"Y Condition Stokes Flow

Y
gt YN VP=uvV2u
Lubrication
Theory

e Governing Parameter: Caa = Q /2H

ylu



Normal Stress Distribution
AMH =2, Ca=0.01

increasing

m cell height

epithelial cell
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Normal Stress Distribution
alH=0.1, A/H=2, Ca=0.01
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Tangential Stress Distribution
MH =2, Ca=0.01

increasing
cell I}\eight :
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Tangential Stress Distribution
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Cag vs. Tangential Stress and
Stress Gradient en=o.0s

Tangential Stress Tangential Stress Gradient

max (d'ct/dx)max

increasing
elA

increasing 1e+0
elA :

1e-1 ]

ed¢__________ ____  deds___
0.001 0.01 0.1 0.001 0.01 0.1
Ca, = [Q*/(2H))/(y/w) Ca,, = [Q*/(2H))/(y/n)

e/A = alh=0.05
= ¢/A =al\h=0.00




Cag, vs. Normal Stress Gradient
e/A =0.05
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Normal Stress Gradient

(dt, /dx) _ _
max increasing
4e+0 | Slj\\

3e+0

2e+0 -

‘I~|+r'/././

1e-4 ¢ _ - . e/A = alh = 0.05

= ¢/A =alL=0.00

0.001 0.01 0.1
Ca, = [Q*/(2H)]/(v/W)
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Equilibrium Equation of State (Infasurf)
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Influence of Surfactant Concentration

(A549 cells, Live/Dead Kit, 0.25 cm/s)
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Correlation of Stress and Injury
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Influence of Non-Equilibrium Behavior
of Infasurf

Non-equilibrium behavior:
< produces dynamic surface tensions that are
greater than the equilibrium surface tension,
< creates non-equilibrium surface tension that
causes film-thinning.




Dynamic Surface Tension of Infasurf
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Conclusions

Combined experiments and computational
investigations allows us to estimate the mechanical
stresses that damage epithelial cells during reopening

*The damaging effects from reopening are likely to be
due to a large pressure gradient from the traveling air-
liquid interface

*Topological effects can increase the magnitude of
deleterious stresses.

Non-equilibrium surface-tension effects may increase
damage unless concentrations are large.

NASA: NAG3-2734
NIH: P20 EB001432
NSF: BES-9978605



COLORIMETRIC SOLID PHASE EXTRACTION: A METHOD FOR
THE RAPID, LOW LEVEL DETERMINATIONS OF BIOCIDE
LEVELS IN SPACECRAFT WATER

Daniel B. Gazda, James S. Fritz, Robert J. Lipert, and Marc D. Porter
Institute for Combinatorial Discovery, Ames Laboratory-U.S.D.O.E. and Department of Chemistry
Iowa State University
Ames, IA 50011

Paul Mudgett, Jeff Rutz, and John Schultz
Wyle Laboratories
Houston TX 77058

Monitoring and maintaining biocide concentrations is vital for assuring safe drinking water both in
ground and spacecraft applications. Currently, there are no available methods to measure biocide
concentrations (i.e., silver ion or iodine) on-orbit. Sensitive, rapid, simple colorimetric methods for the
determination of silver(I) and iodine are described. The apparatus consists of a 13-mm extraction disk
(Empore® membrane) impregnated with a colorimetric reagent and placed in a plastic filter holder.
A Luer tip syringe containing the aqueous sample is attached to the holder and a predetermined volume of
sample is forced through the disk in ~30 s. Silver(I) is retained by a disk impregnated with
5-(p-dimethylaminobenzylidene)-rhodanine (DMABR), and iodine is retained as a yellow complex on a
membrane impregnated with polyvinylpyrrolidone (PVP). After passage of a water sample, the
colorimetric response generated by the interaction between analyte and reagent is measured by use of a
hand-held, commercial reflectance spectrophotometer. This simple solid-phase extraction (SPE) method
gives a high concentration factor. The sensitivity for both measurements is excellent: 0.005 mg/L for
Ag(I) and 0.1 mg/L for I2. Furthermore, the methodology minimizes sample handling and potential
contamination events, produces only a small volume of waste, and requires only ~60 s for completion.
Details related to membrane impregnation, calibration, and interferences are presented, as well as the
results of ground-based analysis of samples of actual Space Shuttle and International Space Station (ISS)
drinking water. Findings from KC-135 microgravity flight simulations and challenges for the eventual
deployment on ISS will also be described.
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Goals of NBEI

— High-quality, state-of-the-art research

— Dissemination of advances in knowledge

— Undergrad and grad cross-training programs

— Seminars & workshops; courses; national needs ID

— K-12 education, diversity and public/industry outreach

— Information repository space

— Development of a new generation of Bioengineers

N

NASA Bioscience and Engineering Institute University of Michigan
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Award September 2003
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NASA Bioscience and Engineering Institute University of Michigan
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DIRECTOR James Grotberg, Ph.D., M.D.

OBJECTIVE: Enable world-class research and development in bioscience
and engineering related to NASA'’s overall missions with emphasis on
human exploration and development of space

RESEARCH THEMES AND LEADERS

BioMEMS and Biomaterials Daryl Kipke, Ph.D.
Transport Phenomena in Biology Ron Larson, Ph.D.
and Devices

Tissue Bioscience and Engineering Laurie McCauley, D.D.S., Ph.D.

Molecular Biophysics and Matthew O’Donnell, Ph.D.
Bioengineering

INCEPTION September, 2003

NASA Bioscience and Engineering Institute University of Michigan
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| Research Theme: Molecular Biophysics & Engineering

Theme Leader: Matt O'Donnell, PhD BME (Chair), EECS
Project MB1: Molecular Nanosystems to Monitor Astronaut
Radiation Sickness

Retinal flow cytometry to detect astronaut radiation exposure by
apoptosis of lymphocytes.

= | : red blood cells Retinal artery

: white blood cells

* | : nanoparticle-labeled lymphocytes

Jim Baker, Med; Matt O’'Donnell, BME
Raoul Kopelman, Chem; Ted Notris, EECS

NASA Bioscience and Engineering Institute University of Michigan
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MB1: Molecular Nanosystems to Monitor
Astronaut Radiation Sickness
Pl James Baker, M.D.

NBEI Goal Develop a device to quantify radiation effects and other
physiological states in astronauts

Research Details
» Develop a polymer that will monitor functionality using cell-binding ligands
* Test biologic adherence of polymer both in vitro and in vivo

e Characterize precision and accuracy of assays developed

NASA Bioscience and Engineering Institute University of Michigan
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Project MB2: Single-Molecule Biosensor in the Search for Life

Engineered RNA binds to specific amino acid, causing conformational
change detected by light, a single molecular biosensor

(a)

RNA

Amino
Acid

®

(b)
A Fluorescence Signal

Direct
Event Acceptor

Excitation

) cceptor
magnetic Ligand Detection
micro sphere Donor
Donor Bleaching
‘— cleavage

Acceptor Bleaching

Optical probe (TIRF)

NASA Bioscience and Engineering Institute

M l Substrate Dissociation

T|me

Chris Meiners, Physics; Nils Walter, Chem

University of Michigan
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MB2: Single-Molecule Biosensor in the Search for Life
Pl Jens-Christian Meiners, PhD
NBEI Goal Chip to detect life on other planets
Research Details

* Develop and validate a single molecule analysis system based on a TIRF
microscope

e Adapt TIRF technology to a BioMEMS chip
* Validate single RNA molecule analysis with the TIRF microscope

e Complete a fully-functional biosensor chip to detect life

NASA Bioscience and Engineering Institute University of Michigan
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”Research Theme: Tissue Bioscience & Engineering ‘&
Theme Leader: Laurie McCauley, DDS, PhD  Perio/Prev/Geri (Chair)

Project TB1: Effects of hind-limb unweighting on muscle function.

Impact of microgravity or unweighted-disuse on muscle satellite cell self-
organization to functional muscle tissue.

Bob Dennis, Mech E; .. .
Use of engineered muscle, from cells to tissue
Sue Brooks, Med construct, to examine unweighting response

NASA Bioscience and Engineering Institute University of Michigan
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TB1: Effects of Hind-Limb Unweighting on Muscle Function
Pl Robert G. Dennis, Ph.D./Susan Brooks, Ph.D.

NBEI Goal Determine the ability of muscle satellite cells to effect
muscle remodeling following exposure to modeled
microgravity deconditioning

Research Details

* Determine number of myogenic precursor (satellite) cells as a function of
the duration of modeled microgravity due to hind limb suspension of rats.

» Assess effects of microgravity on satellite cells by observing growth
dynamics in two dimensional cultures

e Grow in vitro functional muscle tissue from satellite cells that have
experienced microgravity and compare the properties of this tissue with
tissue where the precursors had not been exposed to microgravity.

NASA Bioscience and Engineering Institute University of Michigan
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Project TB2: Anabolic parathyroid hormone: A counter-
measure for bone loss in space

Model: subcutaneous bone ossicles
in rats: fatty center (no added
PTH); bony center (PTH added)

Drug released

v

I:l PTH-loaded layer

- Isolation layer

—— Protection outer coating

T

No added PTH PTH added

PTH Implantable Delivery Strategy: Multilayered scaffolds will
release PTH intermittently as drug implant dissolves.

Laurie McCauley, Dent;
Peter Ma, Dent

NASA Bioscience and Engineering Institute University of Michigan
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TB2: Local Delivery of PTH to Counter
Microgravity-Associated Bone Loss
Pl Laurie McCauley, D.D.S., Ph.D.
NBEI Goal Eliminate microgravity-induced bone loss
Research Details

* Develop a polymer of sufficiently high molecular weight for layer-by-layer
degradation. Currently polymers with this feature are too soft for devices
and, in some cases, are almost liquid.

* Verify surface erosion features required for drug delivery
* Develop multilayer constructs to test pulsatile release of PTH

* Provide a bone loss countermeasure based on pulsed release of PTH from
layered poly(lactic-co-glycolic acid) microspheres

NASA Bioscience and Engineering Institute University of Michigan
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Project TB3: Mechanical signal transduction in bone under

microgravity conditions.

A novel /in vivo model for signal cascades from mechanical stimuli using
hydraulically loaded bone development.

30 min. 12 hr. 24 hr.
uL L. L UL L UL

Fold Induction
(L/UL)

Hydraulic loading chamber | control

12 weeks load

early gene response to

Barbara McCreadie, Med

Steve Goldstein, Med & BME;

NASA Bioscience and Engineering Institute

single load

University of Michigan




TTOA/SOCETZ-700c—dO/VSVYN

14

TB3: The Influence of Physical Forces
on Bone Adaptation
Pl Steven A. Goldstein, Ph.D.

NBEI Goal Guide development of optimal countermeasures to
prevent bone loss during spaceflight by determining the
mechanical signal transduction pathways regulating
bone formation and resorption.

Research Details

* |dentify short and long term cellular and molecular events associated
with mechanical stimulation from a hydraulically-controlled in vivo device

* Measure integrin-mediated signal transduction as a function of applied
force and rate of force application

» Adapt in vivo rodent model for investigating mechanotransduction in a
space flight environment

NASA Bioscience and Engineering Institute University of Michigan
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Research Theme: Transport Phenomena in Biology & Devices
Theme Leader: Ron Larson, PhD Chem Eng (Chair)

Project TP1: Neural & neurovascular changes in
simulated microgravity

Study brain fluid shifts during head-down-tilt using fMRI, examine
fluid shear effects on neural and endothelial cells

Rachael Seidler, Kines; Doug Noll, BME;
Shu Takayama, BME; Jim Grotberg, BME

NASA Bioscience and Engineering Institute University of Michigan
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TP1: Neural and Neurovascular changes
in Simulated Microgravity
Pl Rachael Seidler, Ph.D.

NBEI Goal Understand human deficits in motor coordination and
sensory abilities in microgravity by studying changes at the
system and cellular levels.

Research Details

* Begin by developing microfluidic devices to vary fluid flow rates in the cell
culture chamber to change shear stress and rate of nutrient delivery

* Include pulsatile flow to mimic physiological conditions and study how proliferation,
differentiation, shape and death are affected by stress and nutrient transport

» Systems level studies will use functional MRI to determine how the brain
responds to a head-down tilt challenge, which is similar to microgravity
insertion, and whether different parts of the neural system respond differently to this
challenge.

* Correlate cellular and system level results

NASA Bioscience and Engineering Institute University of Michigan
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Project TP2: An Earth-based model of microgravity pulmonary
physiology

Simulating weightless lungs for Pulmonary Function Tests by use of liquid
ventilation with perfluorocarbon in submerged sheep to remove the usual
density gradients (gravity effects) between lung tissue and lung air.

Heat
Exchanger

Liquid Ventilator
Reservoir

Membrane

Photograph courtesy of Alliance Phammaceutical Oxygenator Tank
Corp., 1999
Rat breathing perfluorocarbon Ron Hirschl, Med; Joe Bull, BME;
liquid spontaneously Jim Grotberg, BME

NASA Bioscience and Engineering Institute University of Michigan
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TP2: An Earth-Based Model
of Microgravity Pulmonary Physiology
Pl Ronald B. Hirschl, M.D.

NBEI Goal Develop an experimentally verified model of microgravity
respiration and incorporate with digital astronaut effort

Research Details

e Compare results of modeled microgravity respiration to 1G respiration in an
animal model including cardiac output, arterial venous pressure, lung volume and
mechanics

e Compare results of modeled microgravity respiration to previous actual
microgravity data from animal models

» Use radiographic imaging to measure pulmonary blood flow distribution,
distribution of ventilation and other quantities that have not been previously
measured

* Incorporate data into a model for human

performance in microgravity
NASA Bioscience and Engineering Institute University of Michigan
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Project TP3: Lab-on-Chip devices: Portable medical diagnosis,
initial studies on saliva to monitor astronaut health

Integrated DNA Analysis

Macro-scale Bio-analysis
DNA SEPARATE

DETEC
GEL
LOADING
THERMAL
R REACTION <5
0
>

DROP
METERING
Mix Amplify Separate  Analyze /

Enzyme(s) SAMPLE — Silicon

. T / PC Board
Micro-scale Y al” Wire Bonds
Sample \ ~¢ Qi
Results L/ . \

Reagents

Air Lines

Ron Larson, Chem E; Margaret Terpenning, Med;
Bill Schultz, Mech E; Mark Burns, Chem E

NASA Bioscience and Engineering Institute University of Michigan
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TP3: Lab-on-Chip Devices for Bio-Medicine
in Space with Focus on Saliva Analysis
Pl Mark Burns, Ph.D.

NBEI Goal Use MEMS techniques to measure radiation damage and
bone loss in astronauts
Research Details

» Use cravicular fluid (saliva between teeth) because it has many serum
markers present in blood and collection is non-invasive

e Characterize rheological properties of saliva for chip level analysis

 Study droplet evaporation and associated DNA stretching as a method of
preparing the DNA for scission

» Use results to quantify radiation damage to in flight astronaut DNA

 Leverage grants with NIH and Sandia and apply the work to saliva markers
characteristic of bone loss

NASA Bioscience and Engineering Institute University of Michigan



TTONSOCETZ-V00C—dO/VSVN

T8¢

Research Theme: BIOMEMS and Biomaterials

Theme Leader: Daryl Kipke, PhD BME

Project BM1: “Skin-patch” polymer MEMS device for
physiological sensing and environmental monitoring

Phase I: Develop prototype polymer-based microsystem placed
under skin for sensing biopotentials. Work to include wireless
communication and embedded processing

Zhao Chen, Chem
Daryl Kipke, BME
David Martin, MSE
Khalil Najafi, EECS

NASA Bioscience and Engineering Institute University of Michigan
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BM1: Integrated Microsensors for Environmental
and Physiologic Monitoring
Pl Daryl Kipke, Ph.D.

NBEI Goals Develop a polymer-based skin patch sensor to monitor
both physiological and environmental systems

Evolve probe to include drug and fluid delivery systems
Research Details
» Develop a polymer substrate so the probe better conforms to the body
* Advance device electronics to include wireless communication
* Design both epidermal and implantable devices
* Wound healing isolates implants: determine how to overcome this reaction

 Collaborate with NASA to measure signaling pathways associated with
neurovestibular adaptation to space

NASA Bioscience and Engineering Institute University of Michigan
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NBEI Partners

COLLAGENEX

pharmaceuticals
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NASA Bioscience and Engineering Institute University of Michigan
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NBEI Education and Outreach

e Undergraduate Education
e Graduate Education

e Interns & Scientists

e Public Outreach

— Women & Under-Represented Minorities
~ K-12 |

e QOutreach to Societies and Agencies

NASA Bioscience and Engineering Institute University of Michigan
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Phase Change
by

Mohammad M. Hasan

Strategic Research to Enable NASA'’s
Exploration Missions

June 22-23, 2004
Cleveland, Ohio

Glenn Research Center

at Lewis Field
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Phase Change Processes in Space Systems

« Recent workshops to define strategic research on critical
issues in microgravity fluids and transport phenomena in
support of mission orientated needs of NASA and many
technical conferences over the years in support of fundamental
research targeting NASA'’s long range missions goal have
identified several phase change processes needed to design
advanced space and planetary based systems for long duration
operations

« Recommendation noted that phase change processes are
profoundly affected by gravitational environment

Glenn Research Center

at Lewis Field
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Space Systems Requiring Phase Change
Processes

* Closed loop life support systems: Humidity control, drying,
wastewater processing

« Thermal management: Heat rejection systems (heat pipes,
radiators) for power generating units, habitats, vehicles

* Power generation using Rankine cycle

« Thermal energy storage, transient thermal management
using phase change materials

* In space depot: Storage, acquisition and transport of
cryogenic fluid in space

* In situ production, liquefaction and storage of cryogenic fluids
(life support, propellants)

Glenn Research Center

at Lewis Field
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Phase change processes affected by
gravitational environment

« Boiling: Pool and flow boiling in geometrical configurations and
surfaces of practical applications, flow boiling in conduits from
inception to post dry-out conditions, boiling in porous media and
from prepared surfaces

« Condensation: Drop wise and film condensation on surfaces,
conduits, porous media, screened surface, membranes; direct
contact condensation on subcooled droplets and agitated
interface

Glenn Research Center

at Lewis Field
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Phase change processes affected by
gravitational environment

- Evaporation: Evaporation from plane and
screened surfaces, porous media, at solid-
liguid-vapor contact line with and without
forced flow

* Melting and solidification: Void formation,
void location, growth and migration of void
bubble as function of material properties,
thermal conditions and geometric
configurations

Glenn Research Center

at Lewis Field
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State of Knowledge of Phase Change
Processes in Microgravity

* Presentations by leading experts in the afternoon sessions will
provide most current state of information on respective topics

« Visual and quantitative data from numerous experiments on
pool boiling in short and long durations reduced and
microgravity environments. Findings are often contradictory.
Useful information but it could not be compiled into a form useful
for design purposes.

Glenn Research Center

at Lewis Field
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State of Knowledge of Phase Change
Processes in Microgravity

« Limited number of flow boiling experiments in short duration
microgravity. High velocity results are insensitive to
microgravity. Need to define quantitative criteria for high and low
velocities. Need to describe flow boiling independent of pool
boiling in microgravity.

« A good number of short duration two phase flow experiments to
identify and characterize flow regimes and experiments
involving liquid vapor interface configurations

* Number of short and long durations experiments with systems
utilizing phase change processes (mostly with heat pipes) some
fluid mixing and interface condensation

Glenn Research Center

at Lewis Field
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Strategic Research on Phase Change
Processes

* Phase change heat and mass transfer processes are very
efficient but complicated. Except for a few idealized cases they
cannot be solved from first principles. Resolution of critical
issues associated to these phenomena through comprehensive
understanding has been the goal of fundamental research
supported by OBPR. This goal may or may not be realized in
time to support NASA’s current mission plans.

* Phase change processes are highly gravity dependent but we
must make use of these efficient processes to design essential
subsystems, such as evaporators, condensers for Advanced
Closed Loop Life Support Systems, thermal management and
power generation systems.

Glenn Research Center

at Lewis Field
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Strategic Research on Phase Change
Processes

« Performance and operation of these units may be
significantly affected by the microgravity and partial
gravity environments if these units are not designed,
either to be gravity insensitive or the effects of gravity
on processes are accounted for through appropriate
scaling parameters and validated design equations

Glenn Research Center

at Lewis Field



TTOA/SOCETZ-700C—dO/VSVYN

79¢

Useful Design Specific Information

* Pool boiling: Analytical description of pool boiling in microgravity,
prediction of critical heat fluxes if they exist, liquid superheat
excursion (on-orbit start up failure of cpl due to high liquid
superheat), boiling in the presence of vapor or gas bubble.

* Flow boiling: Saturated/subcooled flow boiling in single and
multiple channels, with and without porous wicking materials for
fluid properties encompassing range of cryogenic to liquid metals to
quantify:

— Inception of boiling

— Critical heat fluxes and the wall superheats at critical conditions
— Boiling heat transfer coefficients (Flow regime specific)

— Minimum flow velocity needed to sustain the boiling process

— Effect of dissolved gas

Glenn Research Center

at Lewis Field
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Useful Design Specific Information

« Condensation: Condensation on hydrophobic and hydrophilic
surfaces, condensation on porous media and propagation of
condensation front, steady and transient direct contact
condensation including the effects of non-condensable, stability
of condensation in multiple channels

« Evaporation: Evaporation from screened surface, porous
media; from interface due to sudden depressurization

« Phase change materials for thermal management: Melting and
solidification, void formation, growth and departure in confined
geometry in microgravity

Glenn Research Center

at Lewis Field
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Strategic Research Questions on Phase
Change Processes

« Can we develop design equations or compile information into
system specific design guides valid for a limited range of
operating parameters of practical applications in time to support
NASA'’s current mission plans even though the necessary
fundamentals are not understood to a desired level?

« Can we design systems utilizing phase change processes from
existing body of knowledge based on normal gravity experience
and limited microgravity data in a way such that their
performance in microgravity will remain unaffected or if affected
it can be described by appropriate scaling parameters,
equations?

Glenn Research Center

at Lewis Field
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Strategic Research Questions on Phase
Change Processes

« Can we make use of unique geometrical configuration that
eliminates gravity dependence and makes effective utilization of
capillary and inertia forces?

« Can we establish limiting design criteria ?

« How can we conclusively verify the gravity insensitivity and
certify performance in microgravity without experimental
validation in microgravity?

Glenn Research Center

at Lewis Field
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Strategic Research Questions on Phase
Change Processes

 |f flight experiment is a must how can we optimized the need
for microgravity data?

Do we need to develop experiment protocol (e.g. well defined
procedure for surface preparation for boiling experiment) to
obtain much needed data?

* Multi-scale, multi-dimensional numerical models for
multiphase systems make use of mechanistic models for
CHF, boiling inception, dry-out conditions, interface transfer
etc. If microgravity data is needed should we follow a well
defined experiment protocol?

Glenn Research Center

at Lewis Field
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Gas-Liquid-Solid Flows:
Critical Issues in Microgravity Fluids,
Transport and Reaction Processes for Solid
Waste Management

Uday Hegde
National Center for Microgravity Research
Cleveland, Ohio
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Solid Waste Management

Current
- Segregation (manual)
- Drying (exposure to space vacuum) and/or Compaction (human waste)
- Storage

Future

- Mission objectives and factors (e.g., crew safety, planetary protection,
mission cost) drive the functional requirements of waste management systems

stabilization
decrease volume
resource recovery
microbial control
- Transition to life support system closure to reduce upmass, resupply
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Solid Waste Processing / Resource Recovery

Destroy
hazardous
or noxious

wastes

Reclaim CO,
and nutrients
from waste for
biological
processors
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Feces

114 g/person-d

Urine

1562 g/person-d
[Composition: 59 g solids,
1503 g water]

Toilet paper

28 g/person-d

Miscellaneous
(skin cells, hair,
sweat, etc.)

10.75 g/person-d

Mensus 113.4 g/female for each day of
menstruation.

wipes 185 g/person-d

Paper 77 g/person-d

documentation |[Moisture content of 6%]

Clothing, towels
and wash cloths

486 g/person-d
[Moisture content of 8.5%]

Food packaging -

adhered food

508 g/person-d

Others:

Wasted grown food

Tape
Inedible biomass

Wasted EV A food sticks and packaging
MAG's (diaper, feces & urine)

Waste Composition

Planetary mission with crew of six is expected
to generate solid waste at the rate of (NASA
TM-2003-210785):

10-12 kg/day (dry)
25-30 kg/day (wet)
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Closed Loop Life Support

Mutrients

. Biomass
contaminanted comtaminatéd

air, water, waste air, water
Z02,
minerals

Prqcessing

YWaste disposal




Potential Resource Recovery Objectives
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m Water recovery m Plant nutrient recovery

— from wet wastes — recycle nutrients to growth

— from brines chambers

m Transform to beneficial

m CO, recovery products

requirements — food production substrate

— O, generation/recovery. — structural matenials - paper
— fuel production (CH,, C,H,)
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Example Technologies

m Based on systems analysis, many
technologies can meet functional
requirements efficiently and are m various
stages of development

e.g., Lyophilization (freeze drying)
Chemical oxidation
Bio-oxidation
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Gravity Related Issues

*Among the development challenges for waste management technologies are gravity
related issues that require research, development, and flight testing

*Final Report

Workshop on Critical Issues in Microgravity Fluids, Transport, and
Reaction Processes in Advanced Human Support Technology

NASA/TM -2004-212940
http://gltrs.grc.nasa.gov/reports/2004/TM-2004-212940.pdf
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Top Level Functional Operations

Initial

Storage Processor :
» Container > , Disposal

Storage/
Generation

Involves Variable dry/moist/wet solid flows with and without gas phase incorporation

Collection/Segregation

Transport

Processing (include pre- and post-processing)
Storage

Disposal

Complexity of these operations and gravity related issues will depend upon the
overall Solid Waste Management system.



Collection and Transport

m Pneumatic transport of dry solids, liquid waste and slurries
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m Transport of liquid-solid slurries with or without gas
entrainment

m Material containment during transfer to storage systems

Characterize flow pattern, phase distribution, pressure
drop, slurry properties
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Storage

m Packing and distribution within storage
vessels

m Flow through, and emptying from,
temporary storage vessels

m Phase positioning within tanks with respect
to feed line to reactor and filling port

® Gas movement to accommodate volume
changes during filling and emptying process



Processing
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Drying
- water removal

- water condensation

Size reduction and classification

- pretreatment of biomass, paper, plastic (e.g., gas-solid
separation, solid-solid separation for size classification)

- dust explosion hazards




Processing (contmued)
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m Solid, Liquid, Gas Feeding Systems
- active feed
- liquid/solid slurry feed
- gas-solid slurry

m Reactor
- material containment
- feed variability
- multiphase heating, mixing, and distribution of species
- material residence time control




Processing (contmued)
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Phase separation
- gas-solid separation (e.g., ash)

- condenser and water removal

Monitoring and control

- sensor design and placement
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High Priority Issues Summary

m Transport of moisture bearing solids with
associated gases both external to and within
the reactor

m Solids containment- reaction bed, size
reduction, drying

m Mixing/distribution of chemical species and
phases 1n reactor

m Multiphase separations- gas/solid,
gas/liquid, solid/liquid, three phase
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Moderate Priority Issues Summary
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m Dry solids feed mechanism

m Monitoring and control related to possible
system instability issues

m Monitoring and control related to process
control

m Dust explosion hazards
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Gravity Effects in Condensing
and Evaporating Films

J.C. Hermanson and S.M. Som
University of Washington, Seattle, WA

J.S. Allen

National Center for Microgravity Research, Cleveland, OH

P.C. Pedersen

Worcester Polytechnic Institute, Worcester, MA

Strategic Research to Enable NASA’s Exploration Missions
June 23, 2004




Research Overview
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e Objective

- Understand film condensation/evaporation behavior
(and implications for heat transfer) in variable
gravity environments

e Problems studied

— Film condensation and evaporation on planar
surfaces at normal gravity (+1g, -1g) and reduced
gravity = 0.01g (aircraft)

— 2-3 minutes of low-gravity testing desirable
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NASA Recognizes Critical Need for Condensation & Evaporation
Research to Enable Human Exploration of Space

[1] Strategic Research Workshop on Two-phase Flow, Fluid Stability and Dynamics: Issues in Power, Propulsion and Advanced Life Support
Systems, Sponsored by Office of Biological and Physical Research, NCMR, NASA Glenn Research Center, Cleveland, Ohio, May 15, 2003.

[2] Survey of Present and Future Challenges in Low-g Fluids Transport Processes, NASA Contract C-74461-N, Final Report to NASA Glenn Research
Center, M.M. Weislogel, TDA Research, Inc., Wheat Ridge, CO.

[3] National Research Council, Space Studies Board, Microgravity Research in Support of Technologies for the Human Exploration and Development
of Space and Planetary Bodies, National Academic Press, 2000.

[4] Workshop on Research for Space Exploration: Physical Sciences and Process Technology, NASA/CP-1998-207431, NASA LeRC, Aug. 5-7, 1998

[5] Workshop on Research Needs in Space Thermal Systems and Processes for Human Exploration of Space, Sponsor NASA OLSMA, Host NASA
GRC, Cleveland, July 25-26, 2000.

[6] Workshop on Research Needs in Fluids Management for the Human Exploration of Space, Sponsored by NASA OLSMA, NASA Glenn Research
Center, Cleveland, Ohio, Sept. 22, 2000.

g] Carpenter, B.M., Process Research in Support of the Human Exploration and Development of Space: Issues in Program Development, Space V,
pace Englneerlng/ConstructlonlOperatlons, Proceedings of the 5th International Conference on Space 96, Vol. 1, pp 509-515, Albuquerque, NM,

[8] Salzman, J.A. (1996) Fluids management in space-based systems, Engineering, Construction, and Operations in Space V, Proc. of the 5th Int.
Conference on Space '96, Vol. 1, pp. 521-526

[9] Weislogel, M.M., Fluids Management Challenges in Space-Based Systems, Space 98, 6th International Conference and Exposition on Engineering
Construction and Operations in Space, ASCE, Proceedings, 218--224, April, 1998.

[10] Workshop on Critical Issues in Microgravity Fluids, Transport, and Reaction Processes in Advanced Human Support Technology, NASA TM-
2004-212940, NASA Glenn Research Center, Cleveland, Ohio, February 2004.

[11] The Mission of Microgravity and Physical Sciences Research at NASA, Committee on Microgravity Research, National Academy Press,
Washington, D.C., 2001.

[12] Solid Waste Processing and Resource Recovery Workshop Report - Volumes | and Il, CTSD-ADV-474, 2001.
[13] Space Technology for the New Century, Aeronautics and Space Engineering Council, National Academy Press, Washington, D.C., 1998.
[14] Space Technology to Meet Future Needs, Aeronautics and Space Engineering Council, National Academy Press, Washington, D.C., 1998.

gS] Workshop on Research Needs in Fluids Management for the Human Exploration of Space, NCMR, NASA Glenn Research Center, Cleveland,
hio, September 22, 2003.

[16] Workshop on Research Needs in Space Thermal Systems and Processes for Human Exploration of Space, NCMR, NASA Glenn Research Center,
Cleveland, Ohio, July 25-26, 2003.

[17] B. S. Singh and K. R. Sridhar, "Research and Technology Needs for Chemical Processes and Operations on Mars," Space 98, Proceedings of the
Sixth International Conference and Exposition on Engineering, Construction and Operations in Space, Albuquerque, NM, 245-254, (1998).



Condensation and Evaporation Research in Reduced
Gravity is Enabling for AHST Technology Needs

Humidity Control
- Mechanisms which inhibit or exacerbate liquid film motion
- Condensate control in ducts
- Condensers/evaporators for crew atmosphere

TTOA/SOCETZ-700c—dO/VSVYN

Air Revitalization (O, production via electrolysis)
- Control of water transport
- Separation of dissolved gases from water

Water Purification (Potable Water via VCD)
- Stability of large area condensed liquid films
- Mechanisms for shedding condensed films in reduced gravity

Environmental Control and Heat Rejection
- Evaporation and condensation heat transfer
- Stability of evaporating/condensing films
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Differing Role of Surface Tension on
Condensing/Evaporating Film Stability

Cold Ambient

Warm - Low Cool - High
Surface Tension Surface Tension

—»‘—K—/‘V_*\_

]
Hot Surface

Evaporating film -
surface tension variations
de-stabilizing

Warm Ambient

Cold - High Warmer - Low
Surface TenS|on Surface Tension

LG

B ]

Cold Surface

Condensing film-
surface tension variations
stabilizing
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Fluid Mechanisms in Condensing and
Evaporating Films in Reduced Gravity

)/Cooled surface Heated surface
\|/

#

T Lower surface \ul l
Body force/ Higher tension o
perturbation condensation rate 1, igher

(de-stabilzing) (stabilizing) evaporation rate
Lower (de-stabilizing)

Evaporation rate

Lower Higher surface
condensation rate Surface tension tension

. E:girﬁ:;ng) (de-stabilizing)

Saturated vapor Saturated vapor

Condensing film in low-g Evaporating film in low-g



Research Plan
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e 1-g (normal gravity) laboratory experiments (UW/WPI)

e Reduced gravity experiments on board NASA
parabolic-trajectory aircraft (NASA Glenn Research
Center)

e Numerical modeling using unsteady Navier-Stokes
equations by a finite element method based on a front
tracking technique (Prof. A.N. Alexandrou, University of
Cyprus)




Experimental Configurations
for Condensing Films

e Geometries
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1) Stabilizing gravitational body force (+1g, condensing
surface “upwards”)

2) De-stabilizing gravitational body force (-1g,
“downwards”)

3) Reduced gravity with external perturbation

Fluid configurations
1) Condensing film (thermal plus mass addition effects)

2) “Pumped” film with isothermal mass addition through
porous substrate




Experimental Configurations
for Evaporating Films

e Geometries

TTOA/SOCETZ-700c—dO/VSVYN

1) Stabilizing gravitational body force (+1g, evaporating
surface “upwards”)

2) De-stabilizing gravitational body force (-1g,
“downwards”)
e Fluid configurations
1) Evaporating film (thermal and mass removal effects)

2) Heated, non-volatile film (thermal effects only)
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Laboratory Condensation
Test Cell

Ci
SRt 0 000000

Wapor Space

“apor Port
(Optically Clear Glass)
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Schematic
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Aircraft Experiment
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Aircraft rig with A/C rig test cell with dual
volume control system thermoelectric elements




Condensation Study
Current Test Conditions

e Condensation experiments
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- 10 cm diameter cooled brass plate

— Fluids: Methanol and n-pentane

— Enclosed test cell, typical operating pressure 50-70 kPa
=4-16C

— Subcooling range T_,,— T,

wall

e “Pumped film” experiments
- 10 cm diameter perforated stainless plates
— Fluids: Silicone oil (125 and 50 cSt)

— Pumping rates 2-12 ml/min




Diagnostics

e Double-pass shadowgraph imaging

— Synchronized with data acquisition
— Disturbance wavelengths

— Time to drop formation/break off (condensation) or dry-out
(evaporation)
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e Thermal measurements

— Thermocouples (surface, vapor temperatures)
— Imbedded heat transfer sensors

~ Numerical inverse method employed to determine surface |
heat flux

e Ultrasound gauging

— Single and multiple sensors
— Film thickness and growth rate
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Shadowgraph Images of Condensing n-
pentane Film in Unstable (-1g) Configuration

T, =11C, T, =17C, P_,=50kPa

wa

At start of condensation 37 s after the start
of condensation



pd
Jé
o)
i
N
(o]
R
)
[
W
R
o
a
<
©)
e
 —

Condensing n-Pentane Film in Normal
Gravity (-1g) at Constant Pressure

Click here to play movie

P =50kPa, T_,=165C, T, ,=11C

. sat : Z]
Video real time



Condensing n-Pentane Film in
Normal Gravity (-1g) with Cyclic Pressure
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Click here to play movie

= 36-48 kPa T.,,= 8.8-155C, T,,= 11 C
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Cycle period 180 s; video rate 2.4 x real time
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Non-condensing “Pumped” Film
in Normal Gravity (-19)

50 ¢St Silicone Qil

Click here to play movie

Pumping rate 4 ml/min
—> average film growth rate = 8.2 um/s
Video rate 0.4 x real time
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Non-condensing “Pumped” Film
in Normal Gravity (-19)

50 ¢St Silicone Qil

Click here to play movie

Pumping rate 12 ml/min
—> average film growth rate = 24.7 um/s
Video rate 0.4 x real time
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Non-condensing “Pumped” Film
in Normal Gravity (-19)
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Heat Transfer Coefficient in Developing,
Unstable Condensing Film in Normal Gravity
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Ultrasound Measurement of Film Thickness
N-pentane Film, Stable (+1g) Configuration
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Ultrasound Measurement of Film Thickness
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Summary

Condensation and evaporation research is critical to meeting
the technology needs of the AHST development effort

- Evaporation and condensation heat transfer and film stability and phase
separation phenomena are strongly dependent on gravity level

- Development of empirical correlations, theoretical models, CFD codes
for these processes are all important to the success AHST technology
development

Research conducted to date in the current project includes

- Film imaging and heat transfer measurements of steady and unsteady
condensing films in the laboratory

- Ultrasound gauging to determine the thickness of stable condensing and
non-condensing films and in recording fluctuations in unstable films

- The use of non-condensing, mechanically pumped films which simulate
the growth and instability associated with unstable condensing films in
the absence of thermal effects
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FLEX - Flammability and Extinction Investigations

Diffusive and Radiative Extinction of Diffusion Flames

Flow time T
S = _ N

Reaction time 7,

Similar extinction scenarios for
different flow configurations:

* Counter-flow
* Cup-burners
* Droplet combustion

Nayagam and Williams, 28th Combustion Symposium 2000

Conference Workshop on
Strategic Research to Enable NASA's Exploration S
June 22-23, 200



FLEX - Flammability and Extinction Investigations

What role can "droplet combustion" investigations play in spacecraft and/or
extra-terrestrial Fire Safety Research?
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Droplet combustion is a well-characterized fundamental experimental configuration
where extinction conditions can be precisely measured ...

the results obtained can be generalized
chemistry is well characterized
numerical scheme is well in hand
many runs can be made

coupling of condensed fuel is present

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

Organizing questions where "droplet combustion" may play a significant role:

1. What is the O, mole fraction and total pressure below which a fire cannot exist ?

flammability assessments in = ShuleMinSS 4
! — Normoxic Equivalent

terms of the environment's ] N ¥ 24— Hyposic Boundary
o L W 1 —— 0 min Prebreathe to R = 1.65
propensity to support fire ... not ] % — — 30 min Prebreathe to R = 1.65
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a "material flammability ] SR ¢ .~ O rrin Prebreathe to R = 2.0

T L = Equiv. Flammability (101.3 kPa, 21%) ||
assessment | TA = Eqquiv, Flammability (70.3 kPa, 30%)

-

P R R .
SR L ¢ Historical Designs

droplet testing allows for a
greater range of environmental

conditions ... the entire range of =t W%M
atmospheres could be assessed 1
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L Early Apollo Design &
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tests to identify test boundaries 0 40 50 80 70
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FLEX - Flammability and Extinction Investigations

Organizing questions where "droplet combustion" may play a significant role:

TTOA/SOCETZ-700C—dO/VSVYN

2. What is the relative effectiveness of candidate suppressants to extinguish a fire
in reduced gravity, including high O, mole fraction low pressure environments?

* compare performance of suppressants in microgravity using a droplet flame
configuration ... spherical (quiescent) and axisymmetric (flow) geometries.

« results will extend modeling capabilities to practical fire configurations in both
microgravity and partial gravity environments.

What effect does gas-phase radiative absorption play in the overall fire and
post-fire environments ... particularly when a radiatively participating
suppressant is employed?

» extend scope of existing ground-based investigations currently using droplet
configuration to assess gas phase radiation effects in post-fire CO, enriched
environments.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

1. Limiting Oxygen Index (LOI) Investigation:

TTOA/SOCETZ-700C—dO/VSVYN

Rationale:

Previous work suggests that the droplet LOI is substantially less in microgravity
than is found in normal gravity

Slow convective flows tend to lower this LOI even further

The droplet test configuration allows an opportunity for a clearer understanding of
the physical phenomena controlling the LOI and is useful in extrapolating results to
more complex systems.

Droplet configuration is a reasonable approximation to a very real fire hazard
found in burning particles which may become dislodged (either by extinguisher
deployment or fuel bubbling (Skylab tests)) from a primary fire site and float
undetected to inaccessible regions of the spacecratft.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

1. Limiting Oxygen Index (LOI) Investigation (cont):

TTOA/SOCETZ-700C—dO/VSVYN

Approach:

using n-heptane and methanol fuels provide a map of droplet extinction diameters
(De) for different ambient O, concentrations

tests initially performed in quiescent conditions (freely deployed droplet) using N,
or other inerts as diluent and then repeated with slow convective flows, induced by
translating droplet at speeds up to 1.5 cm/s.

repeat tests with reduced total pressures (O, partial pressures similar to those used
for a 1 atm total chamber pressure)

extrapolate results to different flame configurations for follow-on flammability
studies using FEANICS insert

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

1. Limiting Oxygen Index (LOI) Investigation (cont) :

TTOA/SOCETZ-700C—dO/VSVYN

Typical Test Matrix:
Test number: 50 Diluent: N, or other
Fuel types:  methanol, n-heptane Droplet Sizes: 2.0 mm - 5.0 mm

Total pressures: 0.5 atm, 0.75 atm, 1.0 atm Flow: 0cm/s -3 cm/s

Diagnostics:
* backlit images of droplet
* OH-emission and color flame 1mages

¢ wide band and narrow band radiometric measurements

Science Data:

« Extinction diameter, burning rates, flame dimensions, radiative output, all as a
function of time for different environmental conditions

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

1. Limiting Oxygen Index (LOI) Investigation (cont):

simplified theory (AEA) predicts extinction Damkdohler number (D, )

Results of this nature can be extrapolated to other configurations

02 % (balance N2)

N
o

-
o

-
o

Ethanol Droplet Subjected to 1 cm/s Imposed Flow
(no radiation)

T T T

1.E-02 1.E-01 1.E+00 1.E+01

Droplet Diameter at Extinction (mm)

0, mole %

0.% wvs Extinction Diameter (De)

L

figtive extinclion

diffusive esffinction

’\'& LOl= 1P, U_]

Conference Workshop on
Strategic Research to Enable NASA's Explorati ssions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

2. Suppressant Effectiveness Studies:

TTOA/SOCETZ-700C—dO/VSVYN

Rationale:

Effectiveness of passive suppressant agents (e.g., gaseous CO, N,, He) in
microgravity environments has not been systematically quantified

In certain flame configurations, particularly in microgravity environments
where buoyant forces no longer provide a contributing "blow-off" mode of
extinction, increased suppressant concentrations, compared to that necessary
for 1-g flames, may be necessary

Effect of suppressant on the extinction Damkohler number can be used to
relate results to other geometries (Hamins et al. C&F 1994)

Effects on changing flame temperature can be assessed through changes in
burning rates and radiant output.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

2. Suppressant Effectiveness Studies (cont):

TTOA/SOCETZ-700C—dO/VSVYN

Approach:

chamber will be filled with various concentrations of suppressant and/or
suppressant blends (both passive and chemical suppressant agents may be
considered) and sufficient levels of O, to support a flame.

droplet extinction diameters (De) [and possibly the droplet regression rates;
(D(t)/Do)?] will be used as a "figure-of-merit" in comparing suppressant
effectiveness.

a range of ambient pressures (0.5 atm to 1.0 atm) and flow conditions (up to 3
cm/s) will used.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

2. Suppressant Effectiveness Studies (cont) :

Proposed Test Matrix:

Test number: 178 Diluent: N, and other

Fuel types: methanol, n-heptane Droplet Sizes: 2.0 mm - 5.0 mm
Total pressures: 0.75 atm, 0.85 atm, 1.0 atm  Flow: 0 cm/s - 3cm/s
Suppressants: He, CO,, Halon, etc.

Diagnostics:

 backlit images of droplet

* OH and color flame images

» wide band and narrow band radiometric measurements

Science Data:

» Extinction diameter, burning rates, flame dimensions, radiative output, all as a
function of time for different environmental conditions and suppressant
concentrations

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

2. Suppressant Effectiveness Studies (cont) :

 simplified theory (e.g., AEA) correlates De with suppressant concentration with a
range of O, partial pressures.

* location of local maximum dependant upon gas phase participation and radiative
characteristics of flame (i.e., sooting flames easier to extinguish in non-participating
gas suppressants ?7?).

Ethanol Droplet Subjected to 1 cm/s Imposed Flow cuE %7 UZ“ vs Extinction Diameter IDEI

(no radiation)

= 15% 02
7 || —a—18% 02
1| e 24% 02
|| —%—27% 02

% of Suppressant (CO2)

/ Threshold suppressant
. concentration = f [P, U]

1.E-02 1.E-01 1.E+00 1.E+01

Droplet Diameter at Extinction (mm)

Conference Workshop on
Strategic Research to Enable NASA's Explorati ssions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

3. Gas Phase Radiative Absorption Investigation:

TTOA/SOCETZ-700C—dO/VSVYN

Rationale:

* Gaseous CO, i1s the suppressant of choice on ISS; however, this is largely
based on ground based experience where radiation losses are often minimal
for most small scale fires.

At elevated temperatures CO, becomes an effective thermal absorber and
emitter ... effectiveness of suppressant may diminish in space applications.

Earlier numerical work (Ju and Ronney, '98) showed a decrease in
flammability limits of CH, when radiative reabsoprtion was considered
(equivalence ratio, at the lean flammability limit, changed from 0.68 to 0.44).

This is of particular concern in post-fire scenarios where large amounts of
CO, may have been injected into inaccessible spaces (e.g., behind an
experimental rack).

Temperatures of the gaseous CO, would be elevated creating conditions
where smoldering particles, dislodged from a primary fire site, would be kept
at elevated temperatures and possibly re-ignite.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

3. Gas Phase Radiative Absorption Investigation (cont.):

TTOA/SOCETZ-700C—dO/VSVYN

Approach :

droplets will initially be freely deployed in atmospheres of 21% O, with
varying levels of diluent comprising mixtures of CO,/N,

concentrations of CO, up to 75% (i.e., CO, displaces only N,)

measurements of extinction diameters (De), flame dimensions, and droplet
burning rates

since optical thickness in a participating gas is pressure dependent ... a series
of tests will be performed at elevated pressures (up to 3 atm)

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

3. Gas Phase Radiative Absorption Investigation (cont.):

Proposed Test Matrix:

Test number: 40 Diluent: N,

Fuel types: methanol, n-heptane Droplet Sizes: 5.0 mm
Total pressures: 1.0 atm, 2.0 atm, 3.0 atm Flow: 0 cm/s

Suppressants: CO,

Diagnostics:

* backlit images of droplet

* OH and color flame images

» wide band and narrow band radiometric measurements

Science Data:

» Extinction diameter, burning rates, flame dimensions, radiative output, all as a
function of time for different environmental conditions and suppressant
concentrations

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

3. Gas Phase Radiative Absorption Investigation (cont.):

. . Drop Tower Results with Methanol Droplets
 preliminary results from recent (02% is ~21%)

testing show high concentrations -

of CO, (i.e., 0.74 mole fraction) o B R T
yield lower burn rates, higher ,,,.-""':::'“' - T
flame radiation, and similar

flame dimensions

results suggest lower flame
temperature (possibly due to
higher effective gas mixture Cp)

(DIDg)%,D¢/D

increase in radiation due to
thermal absorption and re-

o o0 u Air
radiation from larger gas volume & 74.2%CO2

2 . 3 3.5

Time (s)

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




FLEX - Flammability and Extinction Investigations

MDCA Capabilities (as currently configured):

Provides for spherical and axisymmetric flame configurations using droplets

TTOA/SOCETZ-700C—dO/VSVYN

Symmetric ignition and fuel deployment allows for un-tethered droplets.
Slow convective flows (up to 3 cm/s) over the burning droplets can be obtained.

Chamber pressures controllable from 0.02 atm to 3.0 atm with wide range of
suppressant/oxidizer mixtures.

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004
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FLEX - Flammability and Extinction Investigations

MDCA Capabilities (cont):

Potential exists for extended capabilities in MDCA hardware ...

PI specific hardware could add capabilities without the need to alter the
existing hardware

dynamic environments to simulate a suppressant discharge
... addition of suppressant during combustion
reduction of pressure during combustion
solid particles (e.g., PMMA spheres) placed on a fiber and ignited

wider range of velocities and/or accelerations with the inclusion of small
cameras moving with droplets

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004



FLEX - Flammability and Extinction Investigations

Summary:

Benefits of FLEX testing ...
Hardware already exists (i.e., MDCA)

Provides a reasonable geometric approximation of realistic spacecraft fire
hazards floating embers, molten wire insulation, other ejected particles

TTOA/SOCETZ-700C—dO/VSVYN

Strong modeling base already exists

... simplified one- and two-dimensional geometry allows for refinements
to modeling (detailed chemistry, gas-phase radiation, etc.)

Easily reproducible and controlled test conditions
... consistent initial droplet diameters, precisely controlled flow rates,
ignition energy
Allowance of a large test matrix with a range of parameters (on the order
of 300 test points/investigation)
... less up mass than other configurations, multiple tests per chamber fill

Conference Workshop on
Strategic Research to Enable NASA's Exploration Missions
June 22-23, 2004




Spacecraft and Navy Materials
Flammability
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Review of:Some Concepts and Test
Methods

David Hirsch
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Agenda

Concepts of spacecraft fire safety

m Spacecraft materials flammability test

methods
Evaluation of flight hardware flammability

m Review of flammability data in conditions of

Interest to the Navy

Overview of some flammability test methods
recommended for the Navy
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Spacecraft Fire Safety

General strategy: prevent fires

m Materials control

m Minimizing potential ignition sources and
materials that can propagate a fire

m Controlling the quantity and configuration of
flammable materials to eliminate fire
propagation paths



Spacecraft Fire Safety
(Continued)
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Risk management
m Accepted worst case

m Fire extinguishers

U.S. spacecraft fire history
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Spacecraft Conditions

Maximum O, % and pressures for;
NASA spacecraft

Space Shuttle Orbiter Cabin

— maximum during normal operations 25.9% O,, 14.5 psia
— during EVA preparation: 30% O,, 10.2 psia

Space Shuttle Orbiter Payload Bay: 20.9% O,,
14.7 psia (Ground)

Space Station Internal: 24.1% O,, 14.5 psia
Space Station Airlock: 30% O,, 10.2 psia

Space Station External: 20.9% O,, 14.7 psia
(Ground)



Spacecraft Conditions
(Continued)
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m Microgravity
m Forced convection

m Enclosed space
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Flammability of Flight
Hardware - Technical
Requirements

m NASA-STD-6001

m NSTS 1700.7B - Safety Policy and
Requirements for Payloads Using
the Space Transportation System

m SSP 30233 - Space Station
Requirements for Materials and
Processes



Spacecraft Materials Flammability
Assessment
for Habitable Flight Compartments
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Required materials tests are conducted per
NASA STD 6001

Test 1 - Upward flammability

Test 2 - Heat and visible smoke release rates
using a cone calorimeter

Test 4 - Wire insulation flammability
Test 18 - Arc-tracking
Configurational flammability tests
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NASA STD 6001 Test 1

Upward flame propagation on vertical
samples

Quiescent environment. Worst environment
conditions (% oxygen, pressure)

Point ignition source provided by a chemical
igniter

Sample dimensions: 2.5 in. wide x 12 in. long
x worst case thickness
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Test 1 (continued)
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Test 1 (continued)
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Major measurements:
m burn length

®m burn propagation time
m Ignition of K-10 paper




NASA STD 6001 Test 2

Heat and Visible Smoke Release Rates Usingjan
Oxygen Consumption Calorimeter
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Test method based on the relationship
between materials heat of combustion and
the amount of oxygen required for
combustion

m [est system similar with the system used by
ASTM E 1354




Test 2 (Continued)
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m 4 x4 in. samples are exposed to a predetermined
radiant energy (25, 50, or 75 k\W/m?) under
flowing oxygen/nitrogen mixtures

m Sample is autoignited, or burning can be initiated
by aispark ignition
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Test 2 (Continued)

Laser photometer
including temperature

Temperature and
pressure measurements taken

Soot sample tube

Exhaust
blower

Soot collection filter Gas samples
% taken here
Controlled

flow rate

Vertical orientation



Test 2 (Continued)
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Major measurements:
oxygen concentration
combustion gas temperature and flow rate
sample mass loss rate
time to sustained flaming
smoke obscuration
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Test 2 (Continued)

Data obtained:

Average heat release rate

Peak heat release rate

Total heat released

Effective heat of combustion

Ignition time

Smoke obscuration

CO and CO, in combustion products
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NASA STD 6001 Test 4

Upward flame propagation on a powered
sample installed at 15 degrees from vertical

Quiescent environment. Worst environment
conditions, (% oxygen, pressure)

Point ignition source provided by a chemical
igniter
Sample test section: 12 in. long
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Test 4 (continued)
Centimeter Scaole /

Ceramic Fiber
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Test 4 (continued)
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Major measurements:

m burn length

®m burn propagation time
m Ignition of K-10 paper
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How is NASA test data used
for materials selection?

m Pass/fail criteria
m Material usage agreements

Some issues

m Simulation by ground tests of spacecraft
conditions (correlation between ground test
data and real life)

— Quiescent environment vs. forced convection
— Normal gravity vs. microgravity
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Extinction boundary for a diffusion flame
stabilized over a condensed fuel
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Experimental information on
guiescent environments Vs.
forced convection flow effects on
flammability

m Ground tests: free convection with gas linear
velocity ofi 50 to 75 cm/s

m Spacecraft: forced convection with linear
velocities of 10 to 15 cm/s



Experimental information on normal gravity. vs.
microgravity effects on flammability
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m An upward flame propagation test performed
under normal gravity would support flaming
combustion under less severe oxygen
concentration environments than those under
which extinguishment would occur in a
quiescent microgravity environment

Melting of thermoplastics could generate
bubbles with increased bursting strength in
microgravity, when burning gaseous and/er:
molten fuel could be ejected forcibly




Flammability Tests on Flight
Hardware
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m A flammability configuration analysis is
performed and/or flammabillity tests are
conducted when components are
flammable

m Example 1
m Example 2
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Navy - Environments of
interest

ambient air - ships

m enclosed space - submarines
m possibility of oxygen depletion in a submarine

fire. Note that sub-ambient oxygen
concentrations may be worse environments
than air for generation of toxic combustion
products

hyperbaric environments for diving; other
diluents than nitrogen



Navy - additional flammability
parameters of interest
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m Spacecraft fire safety strategy focuses on
prevention - by rigorous materials control. In
microgravity environments, flammability is
strongly dependent on oxygen availability;
therefore, stopping free convection in a
spacecraft is a strong deterrent to post-
ignition flame development. Consequently,
NASA's interest in post-ignition fire properties
IS secondary to materials ignitibility.




Navy - additional flammability parameters of:
interest (continued)
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m Due to its specific operating conditions, the
Navy's interest may well go beyond
determining ignition characteristics.

Post-ignitioni fire properties also could be of
Interest. Such properties include flame
spread and burn rates; heat and smoke
release rates; and toxicity of combustion
products. Also, a developing fire could affect
both ignition and post-ignition fire properties
of surrounding materials through generation
of radiant energy.




Flammability under hyperbaric
conditions
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m Oxygen partial pressure vs oxygen
percentage

Example:
30.0% O,, 10.2 psia (pO, = 3.06 psia)
21.9% O,, 14.7 psia (pO, = 3.08 psia)

m Effects of oxygen concentration and total
pressures on ignition and flammability
characteristics




TTOA/SOCETZ-700c—dO/VSVYN

09€

Flame speed - total pressure relationship
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Flame speed - oxygen concentration relationship
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Autoignition temperature - oxygen
concentration and pressure effects

—+— Fluorel E-2160
—o— Vespel SP-21
—a—Nylon 6/6
—8—Neoprene

500 1000
Pressure (psi)
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Limiting oxygen index - pressure effects
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MIL-STD-2031

m Oxygen-temperature index
m Flame spread index per ASTM E 162
m Ignitibility, heat release, combustion gas

generation per ASTM E 1354

Smoke oebscuration per ASTM E 662
Burn-through fire test

Quarter-scale fire test

LLarge scale open and pressurizable fire tests
N-gas Model smoke toxicity screening test



Oxygen Index

TTOA/SOCETZ-700c—dO/VSVYN

D 2863
PTEE >99.5
PCTFE > 99.5
Silicone 45.4
Zytel 42 31.8
Viton A 31.5
Neoprene 23.9
PE 17.5
Delrin 17.2




Oxygen Index

TTOA/SOCETZ-700c—dO/VSVYN

D 2863 Upward LOI
PTFE > 990.5 49.0
PCTFE >99.5 54.3
Silicone 45.4 23.5
Zytel 42 31.8 23.0
Viton A 31.5 22.5
Neoprene 23.9 17.5
PE 17.5 17.5
Delrin 17.2 11.5 Hirsch etall
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Flame spread index per
ASTM E 162

m Radiant heat energy source

m Downward burning on a sample inclined at
30 degrees from vertical

m Major measurements: Surface flame velocity
and combustion gas temperature

m A flame spread index defined as a product of
a flame spread factor and a heat evolution
factor



Flame spread index per
ASTM E 162

TTOA/SOCETZ-700c—dO/VSVYN

Some issues:

m Downward flame spread
® [hermocouple measurements




E 1354 piloted ignition time
©),

20 kW/m? 50 kW/m?

TTOA/SOCETZ-700c—dO/VSVYN

Epoxy 337 62
Epoxy/fiberglass 320 57
Nylon 6/6 700 74

PEEK NI
Phenolic/fiberglass NI
Polyethylene 403
Polypropylene 120

Scudamore et al
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E 1354 Autoignition time
©),

25 kW/m* 50 kW/m* 75 kW/m?
polycarbonate NI 99 44
polyethylene 141 70 35
PVC 485 421 69

Navy req 300 150
(minimum) - assumed piloted?

Holbrow et al



Comparison of ignitibility in
various; tests

TTOA/SOCETZ-700c—dO/VSVYN

UL94V UL 94V Min heat
1mm thick 2 mm flux,
thick kW/m?
PTFE V-0 V-0 33

PVC V-1 V-2 38
PVC,FR V-0 V-0 11

O’Neill et al.
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E 1354 results at 70 kW/m?

TTI PRHR ARHR TTI/RHR

PTFE 252 161 53 1.56
PCARB 75 342 115 0.22
PE 47 2735 911 0.02
XLPE 35 268 194 0.13
Navy req 90 100 100 -

@75 ,  minimum maximum maximum
kW/m

Babrauskas et al.
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HRR vs. time for PTFE
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Achieving non-flammability

m Using halogenated polymers

m Using polymers that upon decomposition
leave more than 60% of their mass as char

m Incorporating flame retardant

Drawback:

m Toxicity and corrosivity of combustion
products




MIL-STD 2031 - Combustion
gas generation (per E 1354)

TTOA/SOCETZ-700c—dO/VSVYN

Maximum combustion
gas produced at
25 kW/m?

200 ppm
4% by volume
30 ppm
100 ppm
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Combustion gas generation
(Continued)

Some issues:
m Generally a wider range of compounds are
being sought - including HBr, HF, NO,

m Fires in enclosed environments would
deplete the oxygen and thus create
conditions for generation of different
combustion products, perhaps more toxic

m E 1354 does not simulate this situation



Mil-Std-2223
Test Methods for Insulated
Electrical Wires

® Preparing activity: Navy
m Method 3006 - Wet arc-

propagation resistance

® Method 3007 - Dry arc-
propagation resistance
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Arc tracking test methods
comparison

Ranks/
Qualifies
7-wire
bundle

400 Hz,
3 phase,
120/208 V

Mil-Std- NASA

2223 - STD
3006/3007 6001

Q Q R

X X X

X X X — allows
alternates
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Arc tracking test methods
comparison (continued)

Arc
Initiation

Voltage
proof test
Visual
damage
CB’s
tripped

3006/3007

Pre-
damaged
wires/RB
X

X

X

NASA
STD 6001
Graphite
powder

X

ASTM D
2223
Reciproca-
ting blade
(RB)

X

X

X
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SS800-AG-MAN-010/P-9290

m System Certification Procedures
and Criteria Manual for Deep
Submergence Systems

m Cat 3 - materials and components for
which definitive information and
experience is not available
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SS800-AG-MAN-010/P-9290
Category 3 Materials

m Validation of aceeptability must be provided

m SS800-AG-MAN does not specify acceptance
tests for new components or materials

m Regarding flammability testing:
Manufacturer's flammability data is reviewed; if
data is inconclusive, testing is required to
determine if upon exposure to a standard
Ignition source the material will self-extinguish
and not transfer burning debris
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SS800-AG-MAN-010/P-9290
Flammability issues

m Materials:

m Acceptable if self-extinguish immediately
upon remoyval from flame

m All others require review and approval of
proposed quantities and locations

m Alternate procedure for assemblies:

m Evaluate flammability of individual
components, if heat is produced when
energized, location suitability. Submit for
review and approval.
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SS800-AG-MAN-010/P-9290
Oxygen systems

Similar systems design strategy as NASA's

m Limit rapid pressurization, velocity, flow
Impingement, high pressure sections, control
of particle generation

m Minimize possibility of leaks

m Follow ASTM Standard Guides for Oxygen
Service:

G63 - Evaluating non-metals
G94 - Evaluating metals
G88 - Designing systems for ox



AN EARTH-BASED MODEL OF MICROGRAVITY
PULMONARY PHYSIOLOGY

Ronald B. Hirschl, M.D., Joseph L. Bull, Ph.D, and James B. Grotberg, Ph.D., M.D.

There are currently only two practical methods of achieving uG for experimentation: parabolic flight in
an aircraft or space flight, both of which have limitations. As a result, there are many important aspects of
pulmonary physiology that have not been investigated in uG. We propose to develop an earth-based
animal model of uG by using liquid ventilation, which will allow us to fill the lungs with perfluorocarbon,
and submersing the animal in water such that the density of the lungs is the same as the surrounding
environment. By so doing, we will eliminate the effects of gravity on respiration. We will first validate
the model by comparing measures of pulmonary physiology, including cardiac output, central venous
pressures, lung volumes, and pulmonary mechanics, to previous space flight and parabolic flight
measurements. After validating the model, we will investigate the impact of pG on aspects of lung
physiology that have not been previously measured. These will include pulmonary blood flow
distribution, ventilation distribution, pulmonary capillary wedge pressure, ventilation-perfusion matching,
and pleural pressures and flows. We expect that this earth-based model of uG will enhance our
knowledge and understanding of lung physiology in space which will increase in importance as space
flights increase in time and distance.

NASA/CP—2004-213205/VOL1 387



INTERACTIONS, DEFORMATIONS AND BIOLUBRICATION OF
LIQUID-LIQUID AND BIOFLUID INTERFACES

Jacob Israelachvili and Gary Leal
Department of Chemical Engineering, Materials Department, and Biomolecular Science & Engineering
Program (BMSE), University of California at Santa Barbara (UCSB)
Santa Barbara, California 93106

Recent experiments have allowed for the molecular forces and deformations of liquid-liquid and biofluid-
soft solid interfaces to be visualized and measured with unprecedented precision in real time. The talk
will describe recent measurements and new theoretical treatments of the interactions and deformations of
liquid-liquid interfaces [1] such as suspended droplets during collisions, coalescence and detachment, and
the implications of the results to predictions of droplet coalescence and biological cell-cell interactions in
general. The effects of van der Waals and other short-range molecular and thermal fluctuation forces on
droplet coalescence and film instability will be described, as will the role of buoyancy forces and
dissolved gases on the hydrophobic interaction between oil droplets and gas bubbles in water [2,3], this
interaction being one of the major forces between biological molecules and surfaces in aqueous solutions.
Current work is also focusing on the role of surfactants and other amphiphilic molecules at the liquid-
liquid interfaces. Preliminary results on the thin film rheology (‘lubricity’ and ‘wear’) of model biological
and real cartilage surfaces in various model biofluids and synovial fluid will also be presented, with a
discussion of the implications of the results to cartilage, bone and joint degeneration.

[1] Large deformations during the coalescence of fluid interfaces. Nianhuan Chen, Tonya Kuhl, Rafael
Tadmor, Qi Lin and Jacob Israelachvili. Phys. Rev. Letters 92 (2004) 024501-04.

[2] Further studies on the effect of de-gassing on the dispersion and stability of surfactant-free
emulsions. N. Maeda, K. Rosenberg, J. Israclachvili and R. Pashley. Langmuir 20 (2004) 3129-3137.

[3] Measurements of hydrophobic interactions at short-range. Tonya Kuhl, Qi Lin, Maria Tadmor, Jacob
Israelachvili (submitted).

NASA/CP—2004-213205/VOL1 388
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Advanced Environmental Monitoring Technologies

Darrell Jan, Ph.D.

Advanced Environmental Monitoring & Control

Program Element Manager
Life Detection Science & Technology Office

NASA/Caltech-Jet Propulsion Laboratory

June 22, 2004
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QuickTime™ and a

TIFF (Uncompressed) decompressor
are needed to see this picture.

Apollo 12
photograph ,
taken by lunar
module pilot
Alan Bean ,
mission
commander
Pete Conrad
retrieves parts
from the
Surveyor.
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Monitoring & Controlling the environment

*Air
*Water

ePlant chambers

*Food and Food
Preparation surfaces

*Gradual buildup of
toxic species

eHazardous events
*Chemical

i *Biological

{::} (J sensors

' actuators
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Long
time
COMPOUND DETECTION LIMIT

PRIORITY 1 PPM
Acetaldehyde 0.1
Formaldehy de 0.01
Methanol 0.2
Dichloromethane 0.03
Perfluoropropane (F218) 10
Acelone 1
Qctamethylcyclotetrasiloxane 0.05
2-Propanol 3
Freon 82 5

3

*microgravity combustion not shown

-

Gradual buildup of
harmful chemical or
microbials

\

)

/

-

Hazardous
event such as
fire or leakage

)

Darrell Jan NASA/JPL 09-17-02 5
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CANARY
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Why a canary?

__m

)

*Continuous air monitor
*Ground-based heritage
*Doesn’t require skilled operator
*Relatively low mass, low power
*Can consider placing in
several locations
*High sensitivity to many toxic
gases
eMultifunctional potential:
eair
ewater
«food
*music
*Probably will work in pgravity
*Built in signal processing
*Edible
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[/

Why not a canary?

*Requires fuel (food), water,

maintenance

*Generates waste products

*Overload requires complete

system replacement

*Quantitative capability

suspect

eLimited life

Difficult to interface and

network

*Low precision display
*Could be hard to read
n pg
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Why not a canary?

I

&}

*Requires fuel (food), water,

maintenance

*Generates waste products

*Overload requires complete

system replacement

*Quantitative capability

suspect

eLimited life

Difficult to interface and

network

*Low precision display
*Could be hard to read
n pg
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Why not a canary?

*Requires fuel (food), water,

maintenance

*Generates waste products

*Overload requires complete

system replacement

*Quantitative capability

suspect

eLimited life

Difficult to interface and

network

*Low precision display
*Could be hard to read
n pg
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Why not a canary?
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A canary 1n water
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QuickTime™ and a
TIFF (Uncompressed) decompressor
are needed to see this picture.
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Ground-based Commercial technology

-H}gh mass _ e[ .ower mass

*High power requirement sLower power requirement
*High operator skill sLow operator skill

*High capability sLow capability

*May require gravity *May require gravity

*Breakthroughs needed to achieve high capability and
low mass/power plus autonomy

Darrell Jan NASA/JPL 09-17-02 14
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High Capability & Low Mass/Power +
Autonomy = key to future SpaceFlight

Darrell Jan NASA/JPL 09-17-02 15
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Current Practice: 1n flight

Volatile Organic Analyzer (VOA):
measures about 30 volatile organic species

ICES 2003-01-2646 Validation of the Volatile Organic Analyzer (VOA) aboard the International Space Station
Thomas Limero, et al

Major Constituent Analyzer (MCA):
Nitrogen, Oxygen, Carbon Dioxide, Water vapor

2000-01-2345
International Space Station Carbon Dioxide
Removal Assembly Testing

AR RACK FRONT ISOMETRIC VIEW
RACK FACEPLATES NOT SHOWN FOR CLARITY James C. Knox
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Figura 5: Grab Sample Containaer {GSC)

‘Conecentration (ug/m3 h
coG 8688 a3

Figure 1. Alrborne Formaldehyde

—t— S

= Lak J.] r

0 L 10 15 20
Months from June 2001

Current Practice: Post Flight

Grab Sample Bottles: Thorough analysis
By GCMS, over 100 species

ICES 2003-01-2646 Validation of the Volatile Organic Analyzer (VOA) aboard the International Space Station
Thomas Limero, et al

Formaldehyde Badges

U 251inx2.51n

ICES 2003-01-2647 Toxicological Assessment of the
International Space Station Atmosphere with Emphasis on Metox Canister Regeneration
John James, et al

v



TTOA/SOCETZ-700c—dO/VSVYN

90

Current Practice: Post Flight

Cleaner air returning

jom Node-1

. Larva-GA
«<

Larva-PGO Aft Larva-PGO Fwd

Figure 1. QOverview of the airflow inside Zarya with opposed panels opened to 90 degrees. This
diagram was adapted from Alibaruho et al. (1999) with addition of the flow arrows going from the
walls toward the isle through open panels. The goal of the figure is to indicate the potential for
disrupted airflow where panels have been opened.

ICES 2000-01-2432 Toxicological Assessment of the
International Space Station Atmosphere
John James, et al
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Miniature Mass Spectrometer for Planetary Exploration
and Long Duration Human Flight

* 0.5 amu resolution, 1-300 amu range
* Used by astronauts in Shuttle Mission 5A and beyond to detect
ammonia and air leaks outside the International Space Station

The Quadrupole Mass
Spectrometer Array
(QMSA)

The QMSA Packaged as the Astronaut’s w
Trace Gas Analyzer (TGA)

Darre.. Jan NASA/JPL 09-17-02 19
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Volume: 760 cm?
Power: 1.5W ave., 3 W peak
Computer: Handspring Visor Neo PDA

Materials:
container -
wetted surfaces -
seals -

Mass: 0.8 kg

anodized aluminum
alumina, parylene
Kal-Rez

Volume: 2000 cm® Mass: 1.4 kg
Power: 1.5W ave., 3 W peak
Computer: HP 200LX

Materials:
container - cast aluminum
wetted surfaces - glass, PTFE, polypropylene
seals - silicon rubber J

Darreln Jan NASA/JPL U9-17-02 20
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16S rDNA phylogenetic tree

SVOozv19

svozvas
SVozv17

SVOZV sVozv35
(potable svozvi2
water)

SVozv4

svozva2

svozvai
SVOzZV15

50 changes

l‘ svozva2

lOchr‘obacTr‘um sp. AF229884
Ochrobactrum anthropi U88441 hyperurecemla

Brevundimonas diminuta X87274

sSvozvil
l sSvVozva0o

Bradyrhizobium japonicum AF208517

Liver abscess

svozv3
Hyphomicrobium facilis ¥Y14312
l svozvst &
l svozva7 ] :,

Brevundimonas diminuta AJ227779
Caulobacter henricii ABO16846

Caulobacter crescentus M83799

Delftia acidovorans ABO74256
Delftia acidovorans AB020186

Halogen-
reducers

Ralstonia detusculanense AF280433
SVOzvé
svVozv9
SVOozv16

l Propionibacterium acnesAF154832

Afipia broomeae U87761

SRVK-hot

| SRVKhot8
SRVKhot24 Cat scratch
L SRVKhot39 disease;
Bone-marrow
SRVKhot30 . i
-I infection
SRVKhot3
SRVKhot18
L srvk1 L

Caulobacter crescentus M83799
SRVKhot34 :
SRVKhot10 —

I— Acidovorax temperans AF078766
SRVKhot4

Endocarditis;
hepatic granuloma

Red clones are opportunistic pathogen

(regenerated Delftia acidovorans AB074256
water) Delftia acidovorans AB020186
SRVKhot40 Halogen-
SRVKhot11 reducers
Ralstonia detusculanense AF280433
SRVKhot35
SRVKhot17

[ Stenotrophomonas maltophila AJ293470
] SRVKhot5

—E Flexibacter japonensis ABO78055
Flexibacter sancti ABO78067

50 changes

Uncultured bacterium AJ290042

_‘: Flavobacterium symbiont AF459795
SRVKhot37

Darrell Jan JPL 02-13-03 21
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PARTICLE SEGREGATION IN COLLISIONAL SHEARING FLOWS

James T. Jenkins, PI
Department of Theoretical and Applied Mechanics
Cornell University, Ithaca, NY 14853

Michel Y. Louge, Col
Sibley School of Mechanical and Aerospace Engineering
Cornell University, Ithaca, NY 14853

This research concerns flowing granular materials and the development of ways to predict the behavior of
such flows and the means to control them. Granular flows are common in industrial processes, mining
operations, and in nature. In general, they are poorly understood. The research treats flows in which the
particles interact through collisions rather than enduring contacts. Such flows are expected to be
important in materials processing activities carried out in space and in mining operations on the surface of
the Moon and Mars.

The specific phenomenon of interest in the research is the segregation of the particles in a flow due to
differences in their size and/or mass. In many industrial processes a homogeneous aggregate is desired; in
these, segregation is undesirable. However, in the mining industry, segregation is exploited in sorting and
crushing operations. Because segregation is not well understood, attempts to suppress it or exploit it
proceed on an ad hoc basis and are expensive.

In systems that do not involve much agitation of the grains, several mechanisms that involve gravity have
been identified as leading to segregation. However, in highly agitated flows there is a mechanism
independent of gravity that is available to drive segregation. This is associated with spatial gradients in
the energy of the velocity fluctuations of the grains. Collisional interactions between and among different
types of grains require that, in general, differences in their concentrations exist to balance differences in
particle fluctuation energy.

This segregation