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The transient effects of convective disturbances on self-diffusivity measurements are evaluated using numeri-
cal simulations. “Codastefano-type” diffusivity measurements, where continuous real-time measurements of the
concentration of the diffusing species are made at two discrete locations using a radioactive tracer, are consid-
ered. Convection arises due to buoyancy caused by the interaction of temperature gradients with either gravity
(terrestrial experiments) or residual acceleration (microgravity experiments). For small deviations from ideal
isothermal conditions, the system’s response to residual microgravity disturbances is examined. The consequences
of heating and cooling “temperature ramps” are also examined for both microgravity and terrestrial conditions.
The frequency, amplitude, and orientation of the residual acceleration vector and the magnitude of heating or
cooling rates all affect the � delity of a given measurement. It is also shown that, for actual high-temperature
experiments, it is important to assess the degree of isothermality that can be attained.

Introduction

B ENCHMARK experimentsto elucidatethe temperaturedepen-
denceof self-diffusioncoef� cients in liquid metals are planned

for the International Space Station.1 As part of the design of the
experimental facilities and for experiment planning purposes, the
effects of time-dependent environmental factors that can lead to
undesirable disturbances of the experiments need to be assessed
quantitatively.The desired outcome of the present experiments is to
obtain diffusivity values within 1% of the actual diffusivity D. The
potential contamination of diffusivity measurements due to con-
vection caused by spacecraft residual acceleration, or g jitter, is of
obvious concern. Temperature ramping (necessary in space exper-
iments to examine the temperature dependence of the diffusivities
ef� ciently) inevitably leads to transient temperature gradients that
induce buoyancy � ows. Such � ows could result in signi� cant con-
tributions to the transportof the tracer and, thus, affect the measured
valueof the diffusivity.Even after the desiredoperatingtemperature
has been obtained at the elevated operating temperaturesnecessary
to study the temperature dependenceof liquid metals, truly isother-
mal conditions may be impossible to achieve.

Neither self-diffusion in liquid elements or binary diffusion in
molten alloys is suf� ciently well characterized.1 Indeed, based
on experimental results, there is little agreement on the tempera-
ture T , dependence of diffusivity D(T ), and its correlation to the
temperature-dependent structureof the liquid.Althoughvariousthe-
ories for D(T ) have been advanced, uncertainties in available ex-
perimentaldata2¡5 persist to the extent that unambiguousevaluation
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is not yet possible. Currently, the differences between D(T ) pre-
dicted by different theories are often less than the differences in
D(T ) data sets measured in the same system. It is generally ac-
cepted that the variations in experimental data can be attributed to
convectivecontamination.That is, for many systems, convection is
unavoidable under terrestrial conditions.6 However, it appears that
the low-gravity environment of a low-Earth-orbit space laboratory
will provide suitable conditions for self-diffusivity measurements
in high-temperature liquid metals, provided that the levels of con-
vection induced by residual microgravity acceleration do not sig-
ni� cantly affect the transport conditions.

Several papers have demonstrated the reliability of numerical
models for the analysis of the g sensitivity of directional solidi� -
cation experiments. (See, for example, Refs. 7–11 and references
therein.) The effect of steady acceleration on diffusivity mea-
surements under terrestrial conditions was examined in a previ-
ous paper.4 In such papers, the analyses were mostly based on
two-dimensional numerical models of the actual experiments, al-
though three-dimensional calculations, similar to those in Ref. 6,
have also been carried out. The obvious advantage of a two-
dimensional model is that it requires less computer time. Whereas
two-dimensionalcalculations tend to overestimate the sensitivity to
g jitter compared to three-dimensionalcalculations,7 they neverthe-
less determine whether experimenters need be concerned about the
impact of microgravity disturbanceson their experiments.

Model Description
Self-Diffusion in Liquid Elements Measurement Technique

The self-diffusion in liquid elements (SDLE) experiment is cur-
rently being planned for the International Space Station. The ex-
periment is a modi� cation of a tracer technique based on a method
originally developed by Codastefano et al.12 A detailed description
of the experiment is found in Refs. 1 and 13. Diffusivities are de-
duced in situ and in real time from concentration histories inferred
fromradioisotopeemission time seriesobtainedusinga multiplede-
tector arrangement. Two detectors are positioned at L=6 and 5L=6
of the sample length,as depictedin Fig. 1. The precisesample length
is dependenton the measurement temperature.At speci� ed time in-
tervals, the tracer activity is simultaneously monitored at the two
locations. Hardware utilizing this approach to measure diffusion
coef� cients in molten indium has already been used under NASA
sponsorship on the Mir space station.3

186



KIZITO, ALEXANDER, AND BANISH 187

Fig. 1 Description of the “Codastefano-type”12 tracer experiment (see
Ref. 1).

Disturbances to purely diffusive transport conditions arise from
a number of sources. In particular, buoyancy-driven � ow arises
from temperature gradients that occur during changes in operat-
ing temperature and due to heat losses that cause deviations from
nonisothermality. When a nonuniform temperature � eld exists in
an acceleration � eld, convective contamination of the diffusivity
measurement can occur that augments or diminishes the diffusion
coef� cient values. The acceleration � elds may be approximately
uniform (terrestrialgravity or gravity-gradienttype acceleration)or
nonuniform due to vibration effects (g jitter).

Modeling Sensitivity to Residual Acceleration

We consider a closed rectangularregion (two-dimensional)� lled
with liquid indium. The thermal boundary conditions imposed on
the rigid bounding wall results in a temperature gradient such that,
whenever the temperaturegradient is normal to a body force vector,
motion ensues. A simple, two-dimensionalcon� guration is consid-
ered adequate to establish the order of magnitude sensitivities; a
more detailed quantitative solution (if warranted) requires consid-
eration of the full three-dimensionalgeometry.

Basic Equations

The basic equations that describe the system under investigation
are rendered nondimensionalusing L ; L2=· , and ·=L as scale fac-
tors for length, time, and velocity, respectively.Here, L is the length
of the diffusionsample, and · is thermal diffusivity.The aspect ratio
(AR D width/length) is � xed at AR D 0.1 to comply with the aspect
ratio used in actual experiments.1

Under the assumption that the Boussinesq approximation holds,
the nondimensionalgoverning equations are

@u
@t

C .u ¢ r/u D ¡r p C Prr ¢ [2º.µ/D] C .Ra ¢ Pr ¢ T /g (1)

r ¢ u D 0 (2)

@µ

@t
C .u ¢ r/µ D r2µ (3)

@c

@ t
C .u ¢ r/c D

Pr

Sc
r ¢ [D.µ/rc] (4)

where u, p, µ , and c are the dimensionless velocity, pres-
sure, temperature, and tracer concentration, respectively, and
D D 1=2.ru C ruT / is the rate of deformation tensor. The para-
meters Pr D º=· , Ra D ¯1T gH 3=.º·/, and Sc D º=D0 are the
Prandtl,Rayleigh,and Schmidtnumbers,respectively,whereº is the
kinematicviscosity,¯ is the thermalexpansioncoef� cient,and D0 is
the reference solute diffusivity.The nondimensional temperature is

µ D
[T .x; t/ ¡ Tm]

.Tw ¡ Tm /
(5)

where Tm is the melting temperatureof the liquid metal and Tw is the
maximum temperature of the ampoule wall for given experiment.
The vector g in Eq. (1) speci� es the magnitude and orientation of
the gravity vector or relative acceleration, which may be time de-
pendent.For a reference frame � xed to the wall of the container, the
motion of the rigid wall corresponding to a translational vibration
appears as a body force.10 For single-frequency oscillatory modu-
lations of a steady acceleration,we use

g D g¤[1 C bÄ2 ¢ sin.Ä ¢ t/] (6)

The factor bÄ2 is the product of a displacement amplitude and an-
gular frequency. For situations where we examine the effects of
temperature ramps, we account for changes in viscosity and diffu-
sivity with temperatures. To account for changes in viscosity with
temperature, the kinematic viscosity is taken to be

º.µ/ D º0 ¢ exp.Â ¢ µ/ (7)

where º0 D 2:8 £ 10¡3 cm2/s and Â D ¡2:1. These parameterswere
found to � t the thermophysical property data for indium reported
in Ref. 6 and references therein. We account for temperature de-
pendence of the tracer diffusivity simply by assuming that it has
a quadratic dependence on temperature (consistent with one of the
possiblemodelsbeing testedby the actualspace-� ightexperiments).
Whereas, for the systems under investigation, this might not be the
correct dependence,it does increase the diffusivitymagnitude.This
means that, as far as sensitivity to convection is concerned, the
increased magnitude of temperature gradients expected at higher
temperatures is offset by the increase in effective diffusive trans-
port velocity, thus allowing the system to tolerate larger convective
velocities.The form of the temperature dependencewas taken to be

D.µ/ D D0.1 C ®µ 2/ (8)

where ® D 5:6 and D0 D 1:48 ¢ 10¡5 cm2/s.
The following temperature boundary conditions were used. To

model the “heatup” or to ramp down to a cooler temperature, we
impose a uniform time-dependenttemperature on all walls, enforce
no-slip conditions for the velocity, and assume that the tracer does
not penetrate the ampoule walls. That is,

µw D 3 ¢ t ;
*
u D 0; rC ¢ En D 0 (9)

To model the initiallythinstripof tracerat oneendof theampoule,
we take the initial conditions at z · 0:1 to be

c.x; 0/ D 1; u.x; 0/ D 0; µ.x; 0/ D 0 (10)

For z > 0:1,

c.x; 0/ D 0; u.x; 0/ D 0; µ.x; 0/ D 0 (11)

The subscript i refers to the initial condition, and 3 represents
the heating rate. The preceding boundary conditions are ideal be-
cause temperature deviations of up to §5±C can occur in actual
experiments.14 To simulate these deviations from isothermality, a
uniform temperature gradient is modeled as shown in Fig. 2, which
shows a deviation " from the desired uniform temperature on one
ampoule wall of 0.1–0.5%. Note that " D 10¡3 represents 1±C in
1000±C. The imposed temperature is then given by the following.
For the right wall,

µw D 3 ¢ t ¢ .1 C "/ (12a)

For the left wall,

µw D 3 ¢ t (12b)

For the top and bottom walls,

µw D 3 ¢ t ¢ .1 C "x/ (12c)

Becauseover the temperaturerangesbeingconsidered,thermophys-
ical properties vary with temperature, we account for the variation
in melt viscosity and tracer diffusivity with temperature by using
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Table 1 Values of thermophysical properties according to simulations

T , K Pr Sc 104 º 105 D

1429 0.0031 3.49 3.43 9.80
1073 0.0066 14.69 7.24 4.93
873 0.0100 35.26 11.00 3.12
673 0.0153 84.85 16.80 1.98
429 0.0255 189.1 28.00 1.48

Fig. 2 Thermal boundary conditions and initial tracer location.

the viscosity correspondingto the desired (uniform) operating tem-
perature.The small variations in viscosityand tracer diffusivitydue
to small deviations from this reference temperature are neglected.
(Speci� c values of the viscosity and diffusivity used at different
temperatures are presented in Table 1.)

Modeling g Jitter and Vibration

Motivated by the frequencies expected aboard the International
Space Station, only low-frequencyg jitter in the range 0.001–10 Hz
was examined. Impulse accelerationstaken from space acceleration
measurement system (SAMS) acceleration data12;15¡17 are used to
assess the effects of short-liveddisturbances.Impulses that result in
acceleration normal to the temperature gradients were considered
because they result in the largest convective velocities.

Shear-Cell Technique

An alternative to the Codastefano et al.12 technique is the shear-
cell method. This method is used for diffusivity measurements in
a binary melt.18 The shear-cell technique was devised to minimize
errors associated with the process of solidi� cation during diffusion
measurement techniquesthat require rapid quenchingof the sample
to preservetheconcentrationpro� le.The shear-cellampouleis com-
posed of vertically stacked cylindrical sections that can be rotated
(sheared) in a plane perpendicularto the cylinder axis, such that any
transfer of material between the volumes enclosed by each section
is prevented. The idea behind the shear-cell technique is initially
to bring two liquid columns of different composition into contact,
whereupon interdiffusion occurs. After a speci� ed elapsed time,
the sample is sheared into several sections. These are subsequently
quenched. The diffusivity is then determined from the composition
pro� le determined from compositional analysis of the quenched
sections. (See Arnold and Matthiesen18 for more details.) After ter-
minating the experiment at a suitable time t¤, shearing the sample
into multiple sections, and quenching, D 0 is then obtained graphi-
cally from the slopeof [c.z; t¤/] vs z2 (the axial coordinateparallel
to the diffusion direction).The c(z; t¤) pro� le is reconstructedfrom
concentrationvalues that represent the average concentrationdeter-
mined from the chemicalanalysisof each section.Thus, the solution
is dependent on the spatial accuracy of the c(z; t¤) data. To address
whether the initial and the � nal shearing events can adverselyaffect

the � nal diffusivity measurements, we simulate the � ows induced
by the shearing and the effects on the concentrationpro� le.

Numerical Method

The equations and their boundary conditions are solved numeri-
cally using third-orderupwindingfor convectionand a simultaneous
overrelaxation-alternating direction implicit (SOR-ADI) technique
on a constant, evenly spaced grid. The width-to-length ratio AR for
the cells under investigationwas 0.1. Grid-dependencetests showed
that 50£ 400 (width £ length) grid points is adequate for a two-
dimensional simulation for the conditions investigated.

Results and Discussion
First, we discuss the results for the SDLE model under pure dif-

fusion and for conditions where transient buoyant convection is
present. Then, we discuss the initial and � nal shearing events in a
shear-cell experiment.

SDLE: Pure Diffusion Measurements

The ideal environmentfor diffusivitymeasurements is one where
all buoyancyforces are zero. (For self-diffusion,this correspondsto
purely isothermal conditions.) For purely diffusive conditions, the
resultsof the simulationare presentedin Table 2 and in Figs. 3 and 4.
Figure 3 shows the heatingmodel that is applied in the present anal-
ysis with a heating rate of 15 K/min to obtain a temperature range
of 1000 K above the melting point. A rate of 5 K/min was also
used, which is the lower limit for data collection. For a given tem-
perature, the slope of .c1 ¡ c2/ in Fig. 4 (where c1 and c2 are the
normalized average concentrationsat L=6 and 5L=6, respectively)
is proportional to the diffusivity, provided that suf� cient time has

Table 2 Results for pure diffusion (using concentration data
from L/6 and 5L/6)

T , K Input 105 D, cm2/s Results 105 D, cm2 /s % Error

1429 9.80 9.71 0.92
1173 6.0854 6.0859 ¡0.0082
1073 4.930604 4.930632 ¡0.0006
973 3.942188 3.942174 0.0004
873 3.120172 3.120157 0.0005
773 2.464556 2.464542 0.0006
673 1.975340 1.975331 0.0005
573 1.652524 1.652513 0.0007

Fig. 3 Dimensionless operating temperature µ as a function of time;
the dimensionless heating rate was corresponding to an actual heating
rate of 15 K/min.

Fig. 4 Average concentration monitored at L/6 and 5L/6 correspond-
ing to the temperature ramp pro� le shown in Fig. 3.
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elapsed since the start of the experiment or since the end of a tem-
perature ramp. For accurate calculation of the diffusivity from the
measured data, it is best to start using data taken after both detec-
tors register signi� cant concentrations and after the reading at the
� rst detector has started to decay exponentially. Following startup
or after a change in temperature, this takes between 4–5000 s for
the diffusivities listed in Table 2.

Terrestrial Conditions (1 g)

Figure 5 shows the effect of convection caused by the decrease
in temperature on the concentration time history at L=6, together
with the corresponding temperature ramp pro� le at the wall. (Note
the sudden drop in concentration coincident with the abrupt tem-
perature change during the ramp-down phase.) Changing the wall
temperature from 1429 to 1173 K causes the concentration moni-
tored at the L=6 probe to suddenly decrease and that at the 5L=6
probe to suddenly increase due to the abrupt increase in transport
rate.

The value of D0 at 1429 K in normal gravity is about 4% smaller
than the input diffusivity, D. This can be explained by the � ow
pattern during the heating phase. Figure 6 shows that, in 1 g, be-
fore isothermal conditions are attained, the initial heating up to the
highest operating temperature causes a signi� cant deformation of
concentration isolines due to a strong upward � ow along the wall
and a strong down� ow in the center. The effect of gravity in this
con� guration is to produce a weak convective � ow that actually
hinders axial diffusion.

During heating, the � uid rises at the hotter walls and sinks in
the colder core region. At the end of the heating phase, when the

Fig. 5 Curves 1 and 2 correspond to concentration time histories mea-
sured at L/6 under 1 g and 0 g, respectively; curve 3 shows the corre-
sponding temperature ramp.

Fig. 6 Concentration, temperature, velocity,and stream-functioncon-
tours at 3763 s during ramping to the new operating temperature.

a) b) c)

Fig. 7 Effect of nonuniform temperature on concentration during
a) heating phase at 3763 s, b) steady isothermal phase, and c) cooling
phase at 5073 s.

wall temperature is held at a constant value, the concentration iso-
lines become almost horizontal.This is becausebuoyant convection
is nonexistent under the ideal isothermal conditions illustrated in
Fig. 7b. During cooling, the concentration isolines are de� ected
down at the walls and up in the core region because the core is hot-
ter than the walls. It is clear that, for self-diffusivitymeasurements,
the degree to which the system can be made isothermal is the most
important factor in minimizing the convection contamination.This
point is further illustrated by the results of a set of simulations,
for which a temperature nonuniformity corresponding to 0.1% of
every 1000 K above the melting point was deliberately introduced
across the sample cell. Figure 8 shows that this eventually results
in complete mixing of the tracer concentration.At 286 K above the
melting point, convection resulted in a highly distorted concentra-
tion pro� le, and a meaningful diffusivitymeasurement could not be
obtained.

The conclusion that can be drawn from these simulations is
that, unless other means of suppression of convection are avail-
able, for example, using magnetic � elds, diffusivity experiments
in liquid metals in 1 g require ideal isothermal conditions if D
is to be measured without signi� cant convective contamination.
Such conditions may be impossible to obtain at high operating
temperatures.

In an actual experiment, the collimator windows (see Fig. 1) are
one source of temperaturenonuniformityon the ampoule wall. This
is because the heaters view the ampoule wall directly, and in the
vicinity of the collimator windows, radiation can lead to tempera-
tures that are approximately 0.5% higher than the desired tempera-
ture.Figures9 and10 showthe streamfunction,tracerconcentration,
and velocity vectors caused by convection, which is due to direct
heat radiation at the collimator window. Comparing Figs. 9 and 10,
one can conclude that there are additional contributions to buoyant
convectionthat arise from local thermalasymmetrydue to imperfect
heating conditions. These contributions further distort the concen-
tration � eld. All of this can adverselyaffect the � delity of diffusivity
measurements if the temperaturenonuniformitiesbecome too large.
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Fig. 8 Concentration pro� le as it progresses toward washout in 1 g
with 0.1% linear temperature nonuniformity: concentration, tempera-
ture, velocity vectors, and stream-function contours at 1145 s.

Fig. 9 Effect of collimator window on the concentration pro� le: con-
centration, temperature, stream-functioncontours, and velocity vectors
at 1472 s.

Vibrational and g Jitter Response

To investigate the sensitivity of the self-diffusion experiments
to g jitter and vibration characteristics of the low-g environment
of a low-Earth-orbit spacecraft, we investigated both impulse-type
and sinusoidal disturbances.Thruster � ring events (impulses) were
modeled as square waves. An extreme example of such an event is a
main engine � ring. This was simulated, and the effects are shown in
Fig. 11. A single orbiter main system (OMS) thrust (magnitude »
5 £ 10¡2 g for 30 s) during the measurement of D is enough to
contaminate the measurement at 1000 K above the melting point.

Fig. 10 Effect of nonsymmetrical collimator window on the concen-
tration: concentration, temperature, stream-function contours, and ve-
locity vectors at 2456 s.

Fig. 11 Average concentration as a function of time and the square
wave gravity pulse.

At 1429 K, three impulses yield D0 D 12:6 £ 10¡5 cm2/s compared
to the input value D D 9:8 £ 10¡5 cm2/s, that is, an error of 28%. At
1173 K, the effect of an OMS burn was reduced considerably, and
the data yielded D 0 within 5% of the input D. These simulations
were carried out with a heating nonuniformity of 0.1% of the type
describedearlier.When the pulsemagnitudewas reduced to 0.01 g0,
the error in D measurements was less that 1%. Further reduction of
the pulse magnitudeto 0.005 g resultedin D 0 D D. Primary reaction
control system (PRCS) thrusts typically have magnitudes between
10¡3–10¡2 g0 and last for short times, typically, less than a second.
These were found to have no signi� cant in� uence on D0.

Vibrations and other periodic accelerations are also a concern,
particularly at low frequencies. The low frequencies (0.001–1 Hz)
examined here were found to affect D 0 only slightly, although the
convective effects increased with increasing amplitude.

Simulations of Shear-Cell Experiments

When shear cells are used, an additional convection contamina-
tion is introduced that depends on the shear rate and the number of
cells in the shear-cell arrangement. First, we considered the initial
shearing event that brings a thin layer of the tracer into contactwith
the rest of the melt. We simulated the initial shearing by imposing
a velocity of 1 cm/s on the separator between the two samples. The
no-slip condition ensures that the separator drives the underlying
� uid, but, as it is withdrawn, � uid no longer in contact with the
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a)

b)

c)

d)

e)

f)

Fig. 12 Initial shear process: the tracer is initially separated from the
melt by a region of thickness h; the melt and tracer are brought into
contact by the withdrawal of the separator from the right at a � xed
speed: a), c), and e) stream-function contours at times 0:02 s, 0:2 s,
and 0:4 s and b), d), and f ) velocity vectors with concentration isolines
superimposed at times 0:02 s, 0:2 s, and 0:4 s.

separator is no longer dragged at the separator velocity. Figure 12
depicts the deformationof the initial pro� le due to shear. (The sep-
arator is withdrawn from the right in each of Figs. 12a–12f.) The
process occurs in less than 0.5 s and the kinetic energy imparted is
dissipatedwithin 3 s. Figure12 alsoshows that the penetrationof the
convectioncausedby shearingis larger than thecellwidth.However,
the length scale over which signi� cant mixing of the tracer occurs
is much smaller, but, nevertheless, signi� cant. Whereas the kinetic
energy decays quickly, its effect on the concentration pro� le lasts
much longer (Fig. 13). It takes about 2500 s for the concentration
isolines to recover from the initial shearing.

The evolution of concentration isolines is shown in Fig. 13 at
0.4, 12.7, 119, 605, 1700, and 2549 s. The correspondingmaximum
relative concentrationsare 1.125, 1.02, 0.66, 0.26, 0.127, and 0.08,
respectively.As the results show, one cannot use the kinetic energy
decay time to draw conclusions as to the temporal effects of a dis-
turbance. This may lead to an erroneous conclusion as to whether
the initial shear affects the � nal measurement. Indeed, it is better
to wait for a period on the order of the characteristicdiffusion time
before ending an actual experiment.This will ensure that the effects
of the initial shear are no longer remembered. (This is illustrated in

Fig. 13 Evolution of the concentration pro� le during the heating pro-
cess after the initial shearing action.

Fig. 14 Curves 1 and 2 correspond to concentration time histories
measured at L/6 under shear cell and pure diffusion, respectively, and
curve 3 shows the corresponding temperature ramp.

Fig. 13f, where it is seen that the concentration isolines are parallel
to the width of the ampoule.)

The shearing action has also been evaluated for its effect on the
measurementof D(T ), as shown in Fig. 14. Figure 14 shows the av-
erage concentrationmonitoredat L=6 and 5L=6. The corresponding
temperaturepro� le at the wall is also included.Clearly, shearinghas
an effect on the evolution of the concentrationpro� le. However, the
effect is essentiallyuniform throughoutthe sample, as evidencedby
the slope of the concentration vs time at times greater than 4500 s.
This suggests that the initial shearing, combined with the real-time
Codastefano et al.12 techniquewould not affect the measurement if
D 0 is calculated from data collected after the second detector starts
to receive an appreciable signal.

At the end of a shear-cellexperiment,the ampoule is sheared into
several segments and quenched.The concentrationof each segment
is then averaged to construct a pro� le from which the diffusion
coef� cient is calculated. The results of a simulation of the � nal
shearing are presented hereafter.

Figure 15 compares a � nal concentration pro� le and � ow� elds
before and after the � nal shearing of the sample into 10 segments
after 32,728 s have elapsed. The concentration � elds are shown
with the corresponding stream-function contours. The convective
velocities are much smaller than the diffusion velocity scale. The
backgroundresidual accelerationis steady,with magnitude10¡6 g0,
and the shearing lasts for less than 0.4 s.

Figure 15b shows the concentration � elds and stream-function
contours immediately after shearing. Even before quenching, the
concentrationdistribution is affected. Figure 15 shows that concen-
trationvs the squareof thediffusioncoordinateareno longerstraight
lines and that they also vary spatially. However, if the concentration
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a)

b)

Fig. 15 Shear effects a) before and b) after shearing at the end of
the experiment on the concentration pro� le and the stream-function
contours, 32,728 s after the start.

in the sheared blocks is averaged and compared with the initial
pro� le at a location corresponding to midpoints of the cells, the
concentration values lie on the diffusion curve if the gradients are
not too steep. Thus, it appears that shearing may not signi� cantly
affect the measurement.

Conclusions
The effects of deviations from isothermal conditions in self-

diffusion experiments conducted under terrestrial and low-gravity
conditions have been examined. It is shown that, under terrestrial

conditions, during the initial heating phases, and when the tem-
perature is ramped down to a new operating temperature, buoyant
convection will contaminate the diffusivity measurement.

We found that the most important condition is the degree of
isothermality, regardless of the gravitational environment, and that
these should be minimized. However, in low-gravity conditions
characteristicof a low-Earth-orbit spacecraft, we found that the re-
duction in g level was suf� cient to guarantee that the measured dif-
fusivity was uncontaminated by convection, except in the extreme
case of long-duration 5 £ 10¡2 g impulses characteristic of main
engine burns.
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