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The Effect of G-Jitter on Fluid Based Experiments

Primary Role of the ISS

e Support experiments in
— Material Science
— Crystal growth
— Protein crystal growth
— Basic fluid physics
— Life and biological sciences

e Near free fall conditions reduce gravity driven convection by several orders
of magnitude

— potential to increase understanding of phenomena observed in ground
based experiments
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Confusion About Zero-G:

How far do we need to go?

MEIT-2004 / Section 6 / Page 4



S ===

The Effect of G-Jitter on Fluid Based Experiments

Misleading Terminology

No gravity in space
Z.ero-¢g
Micro-g
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Newton’s Law of Gravitation

We are all attracted to one another

The attraction decreased with distance

Mir, STS, ISS orbit only 300 km above the Earth’s surface,
which 1s 6374 km from c.m.
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Newton’s Law:
No Micro-G Near Earth!

At the Earth’s surface
At ISS altitude

March 2-4, 2004

Re:6374 km
Me = 5.9736*10%* kg
G =6.67259*10"'"! m3/kg/s?

g.=9.8108 m/s?
g. = 8.6864 m/s?
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Gravitational Acceleration Due to the Earth

Earth's Gravitational Acceleration
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Of What Concern is a Little Micro-g?
Earth 1s kept in orbit by 600 micro-g Pluto is kept in orbit by 0.38 micro-g

0.01

Gravitational Acceleration (g)
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Sun's Gravitational Acceleration
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The Free Fall State

Spacecraft are in near ideal state of free fall as they orbit Earth, 1.e.,
accelerating towards the Earth at nearly /-g.

Objects within a spacecraft are in nearly the same state of free fall.
Hence relative accelerations of objects are very small: micro-g range.

Hence internal stresses are very small compared to what they would be on

the ground.
.....but stresses are not zero!
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Disturbances from the Ideal Free Fall

Quasi-Static (<< 0.01 Hertz) Disturbances

Atmospheric Drag
Order of 1 micro-g, with variations of the same order
Gravity Gradients

0.26micro-g/m from spacecraft c.m. vertically
0.13micro-g/m from spacecraft c.m. horizontally

Spacecraft Rotations

ISS rotates once per orbit (92minutes)
Centripetal accelerations are 0.13micro-g/m from axis of rotation
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ISS Torque Equilibrium Attitude
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Of What Concern is a Little Micro-g?

Displacement time scales:

At the Earth’s surface an object falls 10cm 1n 0.143 sec.
In the micro-g environment inside the ISS it takes 142.8 sec.

On object released inside the ISS would take 638.7 sec. to strike a
wall.
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Disturbances

e Quasi-Static (<< 0.01 Hertz) Disturbances
— External Disturbances
Gravity Gradient Effects
Atmospheric Drag
Spacecraft Rotations

e Vibratory (> 0.01 Hz)
— Spacecraft Internal Disturbances

Attitude Controllers
Power Generation Systems
Thermal and Environmental Control Systems
Maintenance Systems
Crew Disturbances
Experiment Disturbances
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The Micro-g Environment

e Space Shuttle and Space Station provide a unique free-fall
environment for science experiments
— Fluid physics
— Material science
e However, the environment 1s not the ideal disturbance free
environment that the science community expected

e The quasi-static (<0.01Hz) disturbances to the free fall state are of the
order of micro-g (10-%g)

e Onboard disturbances lead to vibratory disturbances of milli-g (10-3g),
three orders magnitude higher than the often-quoted micro-g (10-°g)
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Experiments Conducted on Mir and the Space Shuttle

e ISS Phase-I on Mir:

— Measurement of diffusion in liquid metal systems
— Observations of nucleation 1n glasses
— Particle pushing

e STS-85:

— Brownian motion (basis for diffusion)

— Motion of encapsulated bubbles

— Interface dynamics in a liquid-liquid system
— Interface dynamics in liquid-vapour systems
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Queen’s University Experiment
in Liquid Diffusion

¢ Operational on Mir space station
from May 1996 to January 1998

¢ Operating temperature up to 900 °C
¢ Two independent furnaces

¢ Automatic sample processing
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NASA
MICROGRAVITY| /5"\,.
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MIM-1 on the Mir Space Station
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The Microgravity Vibration Isolation Mount

March 2-4, 2004

Isolates experiments from spacecraft

vibrations
6 DOF magnetic levitation system

Optical tracking system and
accelerometers for monitoring and

control of the flotor

Provides data acquisition services and
control functions to an experiment

mounted on the flotor

Capable of “shaking” an experiment
with acceleration levels from several
micro-g to 25 milli-g over range 0.01
Hz to 50 Hz.
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MIM 2 on Shuttle M1ss10n STS-85
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Determining Intrinsic Diffusion Coefficient

* Free fall environment eliminates buoyancy effects.

« Effect of the container is controlled by varying the sample diameter.

« Sample design controls surface tension induced (Marangoni) convection.
» An 1sothermal furnace reduces thermal gradient induced motion.

e G-jitter adds to mixing in the fluid
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Comparison of Terrestrial and On-Orbit Data

e CdIn/CdSn diffusion couple specimens processed
terrestrially and 1n on the Mir space station free

fall environment at 690 C for 90 minutes
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Comparison of Terrestrial and Space Based Experiments
[Tandon, Cahoon and Chaturvedi]
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Diffusion Coefficient
N
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Diffusion in Liquid Metals
Reginald Smith, Queens University

Diffusion Coefficients in Liquid Metal

ooo

XXX
+++
000
XXX

500 600 800 900

Temperature (C)
Ground Based 1mm Sample Diameter (Smith et. al.)
Space Shuttle without Isolation (Smith et. al.)
Mir without Isolalation (Smith et. al.)
Space Shuttle without Isolation (Pb-Pb, Frohberg et. al.)
Mir with Isolation (1.5mm & 3.0mm Dis. Smith et. al.)
Mir with Isolation plus 0.1Hz 1mg Pulse Input (Smith et. al.)

400 700

MEIT-2004 / Section 6 / Page 24




=3
S ==

The Effect of G-Jitter on Fluid Based Experiments

Brownian Motion

Bjarni V Tryggvason
Canadian Space Agency

Effect of g-jitter on the random drift of micron sized

particles 1n a fluid, under condition of:
Non-1solating mode, 1.e., g-jitter present
Isolated mode

Driven mode

Sinusoidal
Random broad band
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Brownian Motion:
5 Micron Diameter: Isolated

% Figure 1: 3 microns - Isclated mode
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Brownian Motion:
5 Micron Diameter: 1Hz Oscillation
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Brownian Motion:
1 Micron Diameter: Isolated

Figure 4 1 micron - Isolated mode
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Fluid Behavior In Absence Of Gravity: Confined
Fluids and Phase Change

Charles A. Ward
Thermodynamics and Kinetics Laboratory,

University of Toronto
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Configuration of a Confined Fluid at g — ()

Prediction from thermodynamics

£

0

@: Contact Angle

IF
g=0

Vapor

0<36°,N; <N <N,
Then =
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Vapor

Liquid
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Way it looks and the Way It Should Look!

J. Chem. Phys., Vol 112, No. 16, 22 April 2000

Power for
Aluminiuom Rack L.E. Diode

L.E. Diode

Upper Liguicd
Phase

Upper Curved
Liguid-Vapor,
nterface

Lipper threa-
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Lower three-
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Lower liguid

Reflections Glass Cylinder—= Cyprvature of
CylinderWall
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it S Interface ™ . o
7 N

u Shape

Vapour

Liguid R i’mdiutcd-"""

FIG. 3. (A) The video image of the fluid configuration of eylindars 1 and 2.
(B} Wertical distances measured from the wvideo image. (C) Comparison
between the caleulated fluid configuration and the actual video image.

Water in glass cylinder, if
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Experimental Apparatus Used to Study Liquid-Vapour Phase Change Processes

EVAPORATION CHAMBER
Pressure XYZ £
Transducer Positioner 80 2 atm
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| 22 )
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pump Tc ¥ stirrer
il I
vertical funnel ]
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B drai ———
| e cold liquid in
valve - vacuum
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a Y
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? Vapor
A. Centerline Temperature

Plastic \ Throat Temperature
—— Temperature
Constant
T Liquid
B. Tmm
D E—
Position of 82
Throat TC 3.39 mm
—
Tube ID 1.1mm ~___/ \ 0.63mm
Stainless Thermo-
Steel stating Fluid

Degassed water
from syringe pump
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R Z/mm
1. Measure in one
. . . Z/mm
horizontal direction. 0.4 0.4
Z/mm
. Z/mm
A. No evaporation when 0.2 0.8 0.28 0.2
pressure was 820 Pa.

B. Pressure in the vapor
775Pa,

j=0.407:0.006 g/m?s

2. Without opening the
system, rotate the 3-
dimensional positioner 90
and measure in the second
horizontal direction.

Horizontal

—

Direction
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Temperature During Steady State Evaporation of Water
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Protein Crystal Growth & Residual Motion

Jurgen Sygusch
Biochemistry
Université de Montreéal

Montréal, Canada
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Residual Motion on STS-95
Ferritin PCG

72 h 32 min

79h 13 min

85h 12 min

\ .\
Small crystal Large crystal
with CDZ with CDZ

Otalora et al. (2001) Acta Cryst. D57, 412-417

March 2-4, 2004

Crystal
movement

V,, = 104 um/hr
V,3 = 256 ym/hr

!

Flow velocity of solute
molecules towards crystal

kp,=D/(CDZ thickness)
ki, =115 pm/hr
k,; =82 um/hr

}

»image 1 2 2, CDZ modification
»image 2 - 3, CDZ alteration
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Drifting PPG,, crystals on ISS

X - points in
direction
opposite to

9

selected crystals along the x
direction; no significant

motion in other directions

Coherent displacement of five

PCG in the APCF reactor

<velocity> ~ 1 ym h-'
Residual acceleration ~ 1 ug

Vergara et al, Acta Cryst. (2002). D58, 1690-1694
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Residual Motion and ISS acceleration levels

Accelerations on PPG,, crystals during and after growth
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Trajectories of Crystal Motion

Vergara ef al (2003) Acta Cryst. D59, 2-15

motion

motion

1 N\
(-\ \ Precipitant

L \ J entry oy

Q/ 0 L JLI‘ 0D N\ ) 4 ~—r
2O

IML-2 ISS-3 USML-2 LMS

Circular Synchronous Synchronous Asynchronous
motion and coherent but incoherent and incoherent

motion

Crystals undergo diverse residual
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motion In microgravity
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Motion compromises CDZ

Because pcrystal > pmedium > pCDZ
CDZ movement in direction opposite to crystal motion

Norr:gf’i'g# 2 Residual mot@
Result: CDZ deformation - Mitigation of residual
and suppression acceleration is needed
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Effect of G-Jitter on the Motion of an
Encapsulated Bubble

Kameil Rezkallah, University of Saskatchewan

The motion of a bubble several mm in diameter was recorded on video

The motion was compared for cases with and without 1solation
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Effect of G-Jitter on Motion of a Bubble Encapsulated in Water
(Rezkallah, et. Al., Experiment performed on STS-85)
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Our Experience Base on Orbit: Micro!

Total time on orbit for the space shuttle:
112 flights at 10 days ~ 1120 days ~ 3 years

ISS crewed time thus far ~ 2 years, but with only a
small experiment complement

This 1s a small experience base, compared to our ground
experience base: ~ 400 Universities
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The Vibration Environment on the Mir and the Shuttle

MIM-1 Operational on Mir May 1996 to January 1998
3000+ hours of operation

MIM-2 On shuttle mission STS-85, August 7-19, 1997
100 hours of operation

Acceleration data collected at 1000 samples/s for short (several minutes) and

for up to seven days continuously at lower sampling rates (as low as 5 samples/s)
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ISS Vibratory Requirement for Isolated Payloads

Vlbratory Non Isolated Rack Assessment (NIRA)
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ISS Vibratory Requirement for Isolated Payloads

ISS Specification for Isolated Rack
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Power Spectral Densities for Accelerations of the Shuttle and MIM Flotor
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RMS per 1/3 Octave (micro-g)

Power Spectral Densities for Accelerations of the Shuttle and MIM Flotor
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RMS per 1/3 Octave (micro-g)
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Power Spectral Densities for Accelerations of the Shuttle and MIM Flotor
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MIM Driven Modes
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Mean Acceleration on Mir: Expanded Scale

Flotor Accelerationin Y

0.01 |

o)
: ML

=i
< 0 [nvﬂ'. AVHV""IW My |\r'"|L' ,
5 [ ARAA il

Q

<

=0.01
0 5 10 15 20 25 30 35 40 45
Time (hours)
Flotor Acceleration in Z
0.01

o0

g

ﬂ |

8

g 0 ll | 1 | | r | |

k>

o

3

<

—0.01 ' |
0 5 10 15 20 25 30 35 40 45
Time (hours) MEIT-2004 / Section 6 / Page 54

March 2-4, 2004



The Effect of G-Jitter on Fluid Based Experiments [@@g _

Mean Acceleration on Mir: Expanded Scale
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Power Spectral Density (microg"2/Hz)

The Effect of G-Jitter on Fluid Based Experiments

Accelerations on Mir: Power Spectral Density
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Accelerations on Mir: Power Spectral Density

Lo Atator Acceleration in X Direction

g l‘ll:lT
£ 1a®
E 14107 1
&
g 10t
=
B o®
E' 100 ,:—"'-' ch BN
o

10

1

n.01 0.1 1 10 100 1*1I:I3

Frequency (Hz)

= DM Envvironment.
""" 33 Reouirement

6 Stator Acceleration in X Direction
1010
= 1010
T ) _
S erot DA
tou) .7 r
g 1e10°
>
§ 100
o)
a 10 \\
g
g 1 \/\MA
o
w2
e
g 0.1
o
=W
0.01
1010 >
pe10 4 1o10 > 0.01 0.1 1 10 100 1o10°
Frequency (Hz)

March 2-4, 2004 MEIT-2004 / Section 6 / Page 57



Summary of Acceleration Environment on Mir
and the Shuttle

e Over most of the frequency band covered by the ISS specification
for an isolated rack: the acceleration levels on the Mir and shuttle

were below the ISS requirement for an isolated rack

e Coupled with the observed sensitivity of diffusion and internal
fluid flow to g-jitter at these levels: this indicates that the current
specification for isolated racks on the ISS is not conservative for fluid

based experiments
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CSA Science Plan for the ISS

Three Research Facilities

ATEN - materials science furnace
PROSPECT - protein crystal growth facility
SURD - Fluid science facility

Two Isolation Support Systems

MIMBU - Microgravity-vibration Isolation Mount Base Unit
to support ATEN,PROSPECT,SURD and other
science hardware

MVIS -Microgravity Vibration Isolation Subsystem for the

ESA Fluid Science Laboratory
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Fl}lid Core Element (FCE)

MVIS Electronic Unit

"y
- -

FCE / ISPR
Mounted Itemk

ESA Fluid Science Laboratory
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MVIS Engineering Model
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MVIS Engineering Model
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NASA

The Effect of G-Jitter on Fluid Based Experiments
MIM Base Unit

—_— Top Flotor
— BASE UNIT

PATENT PENDING

QUELD II experiment ¥ /

MIM-1 supporting

MIM-1 ON MIR

The first MIM unit was launched in the
Priroda laboratory module which docked
with the Russian Mir space station in April
1996.The system was in operation on the
Mir since May 1996, accumulating more
than 3000 hours of operati supporting the
following experiments:

573
0
NVESTiATOR MICROGR

I * Canadian Space Agence spatiale
Agency canadienne

Top Flotor

Simple two-stage system

Intermediate
Flotor

- Diffusion in liquid metals
- Nucleation in glasses MIM Base Unit

- Recrystallization in semiconductors
- Particle transport

ADVANTAGES OVER A SINGLE STAGE ISOLATOR

The two primary advantages of the two systems for isolating experiments from the
vibrations of the International Space Station (ISS) are:

Stator

Possible isolation performance

Isolation TF
1. The MIM Base Unit provides a unique facility that can be used to investigate the \ H H”
effect of g-jitter on the various types of experiments planned for the ISS. In this T #Eﬂ;_ TR
driven mode of operation the top flotor is driven with controlled acceleration g \.. L
o levels and with controlled frequency content. The frequency content can range i "L T
MIM-2 ON STS-8 from 0.01 Hz to approximately 50 Hz, and the acceleration levels can range from
e upg'ra dod Nl (I:/IIN?Z) e several micro-g to approximately 50 mill-g. The intermediate flotor is used as the
on space shuttle mission STS-85 in reaction mass to prevent disturbances from being transmitted to the ISS. RN z ; o ®
August 1997 and was operated by —— one stage e
(T:ﬁ:a,?:;':,,aﬁ,f,%i:%gﬁ;mw%gegﬁfm 2. In pure isolation mode, the attenuation achieved with frequency and the - ;{’5&2?:3»?
compared fo the original MIM are in the maximum attenuation achievable provides greatly increased isolation ————
deslgn , ofitne) Sl cosand, iihe performance compared to that obtainable with single stage system. Isolation mode

electromagnet actuators.
% (”ﬁ'arl](m?'amJ

The MIM Base unit will provide support to the experiment mounted on the top e [N RN T R ORI TR X T SR KN CRER [T
flotor. This support includes data acquisition, control functions, and provision of

electrical power. C a 1I*I
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