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We focus in this paper on the effect of natural convection in thermodiffusion coefficients
measurements in liquid metal alloys both for normal and microgravity conditions. Our previous
experimental results are briefly recalled, with a special emphasis on the data recently obtained from
the EURECA space mission. With respect to the ground based values, it is seen that the solutal
separation is always significantly higher in microgravity, even in systems where solutal stabilization
of the flow has an effect. Simple scaling analysis arguments show that the error induced by
additional convective transport scales with the square of the fluid velocity. Such a result compares
favorably with existing three dimensional~3D! numerical data. The theory also accounts
qualitatively for the reduced separation observed experimentally in ground based set-ups. We
conclude that it is in principle possible to perform accurate measurements in space, but that the size
of the capillaries used in the experiments should always be limited to roughly two millimeters. On
Earth on the other hand, the risk of convective interference cannot be avoided. ©1997 American
Institute of Physics.@S1070-6631~97!00403-0#
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I. INTRODUCTION

The modellization and the understanding of a variety
processes rely on the knowledge of transfer coefficie
However, an accurate measurement of these paramete
very difficult when the diffusivities are very low, e.g., for th
case of solute transport in liquid metals or semiconduct
Indeed, the unavoidable natural convection induced by
cross product interaction of density gradients with grav
may lead to significant errors, even in thin capillaries.

A pendent question is thus to assess the possibility
realizing these measurements on Earth, the alternative b
to carry out the experiments aboard space vehicles where
intensity of gravity is reduced by a factor ranging from 104 to
106. Our purpose in this paper is to provide some new
sights to this problem for the case of thermodiffusion co
ficients measurements~Soret effect!.

In a typical long capillary or shear cell set-up, the m
tallic sample is melted and submitted to an axial therm
gradient for a sufficiently long time to allow a steady-state
be reached. A tricky part in the procedure consists in avo
ing any altering of the liquid state solute distribution duri
the solidification phase. The thermotransport coefficien
then deduced from an analysis of the temperatu
composition profiles in the resulting solid sample.

Since the axial component of the density~thermal and/or
solutal! gradient is generally much larger than the late
component, the experimental set-up is maintained vert
for ground configurations. In space, the cavity should be c
sidered horizontal for modelling purposes since there is
510 Phys. Fluids 9 (3), March 1997 1070-6631/97/9
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ways a component of the residual gravity that is transvers
the capillary axis and thus provides the most effective dr
ing force for convection. The full three dimensional nume
cal analysis of the problem has been carried out by He
and Roux for both the horizontal1 and the inclined2 configu-
rations.

Away from the endwalls, the numerical solutions exhib
a parallel flow behavior, which inspired Jacqmin’s analytic
approach.3 A striking result of the simulations is that th
solute gradient around the central part of the cavity cor
lated univocally with the maximum convective velocity. A
the measured thermodiffusion coefficient is deduced dire
from the composition profile, this means that the final res
depends on neither the physical driving force~thermal and/or
solutal gradients! nor on the detailed shape of the flow field1

This point is very important for our present purpos
since it can be thought that an effective diffusivity conce
can capture the essence of the transport problem, as do
a previous work for an isothermal diffusion coefficien
configuration.4 From a simple order of magnitude analys
carried out in parallel with numerical simulations, w
showed that the error induced by convection was prop
tional to the square of the average fluid flow velocityW̄.

More precisely, the effective diffusion coefficientD* ,
i.e., the one that would be deduced from the experime
data assuming purely diffusive transport, was seen to be
lated to the true diffusion coefficientD by

D*5D@11aW̄2H2/D2#, ~1!
(3)/510/9/$10.00 © 1997 American Institute of Physics
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H being a typical dimension of the cavity anda a propor-
tionality factor predicted to be of order of magnitude 1/4
the scaling analysis. A derivation of Eq.~1! is proposed in
the Appendix.

One of the purposes of the present work is to adapt
above result to the thermodiffusion problem, and to see h
this effective diffusivity approach compares with the Hen
and Roux numerical results. Also interesting for the valid
tion of the effective diffusivity concept is the existence
experimental data for Soret coefficients in tin based all
both on the ground and in microgravity.

Microgravity results were obtained during Spacelab m
sions on the NASA shuttle during the FSLP~1983! and D1
~1985! flights,5 as well as on the recent EURECA automa
platform ~1992!. When the same experiments were run
Earth, the observed chemical separation was always sma
but it had been conjectured5 that solutal stabilization of the
flow could be efficient enough to guarantee purely diffus
transport conditions. To gain some insights into this imp
tant question, we shall have to consider the origin of poss
convective movements in Earth based conditions.

For instance, a slight misalignment of the capillary a
with the vertical direction can lead to fluid flows that ca
significantly modify the transport conditions. Another po
sible driving force for fluid flow is the existence of radi
temperature differences in the sample due to global h
transfer in the furnace. Both causes may be expected to
an impact on the separation process, and we shall try
correlate our experimental data with the numerical res
taking into account the mechanism of solutal stabilization
convection as discussed by Hart.6

We present in Sec. II the various possible formulatio
of the thermodiffusion problem, derive the effective diffusi
ity relation scaling the error induced by convective transp
and compare its predictions with the numerical data. Sec
III is devoted to the experimental procedure and results, w
special emphasis on the information gained during
EURECA mission. The possibility of realizing Soret coef
cient measurements in space is discussed in Sec. IV. Fin
we analyze in Sec. V the differences between ground ba
and space results in liquid metals or semiconductors.

II. EFFECTIVE DIFFUSIVITY AND
THERMOTRANSPORT

To begin with, we have to specify the theoretical fram
relevant for the study of transport phenomena in the th
modiffusion configuration. It is quite difficult to derive
priori from thermodynamic considerations an expression
lating the total mass fluxJM in purely diffusive conditions to
the temperature and composition gradients. Various phen
enological expressions can be found in the literature,
most general being of the form

JM52rD¹C2rDTC~12C!¹T, ~2!

whereDT is the thermodiffusion coefficient. When the in
duced concentration variations remain centered aroun
mean valueC0, Eq. ~2! can be reduced to

JM52rD¹C2rDT¹T, ~3!
Phys. Fluids, Vol. 9, No. 3, March 1997
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with DT5DTC0(12C0). In the case of dilute alloys the~1
2C! term in Eq.~2! can be dropped, yielding7

JM52rD¹C2rDTC¹T. ~4!

Finally, the thermodiffusion factorr5T* ~DT/D! can be in-
troduced using statistical mechanics arguments. For isot
solutions, this dimensionless factor would depend only
the atomic mass difference of the constituents and wo
thus be to the first order independent of the temperature.8,9 In
the presence of convection, an additional contributi
J5rCV, should be added in Eqs.~2!–~4!.

We shall now proceed to estimate the error on the th
modiffusion coefficient induced by this contribution. Let u
first consider, as done by Henry and Roux1,2 that the mass
flux is given by Eq.~3!. For purely diffusive transport con
ditions, we see that at steady state,DT is deduced from the
product of the true diffusion coefficientD with the measured
composition gradientGD according to

DTGT1DGD50, ~5!

GT being the applied axial thermal gradient. Let us now co
jecture that, as in the isothermal case, the effect of conv
tion can be accounted for via an effective coefficientD* .
The total mass flux for the thermotransport problem is giv
by

JM* 52rD*¹C2rDT¹T. ~6!

At steady-state, the relation between the thermal and so
gradients is thus

DTGT1D*G50. ~7!

In the above expression,G stands for the composition gra
dient in the presence of convection. Comparing Eqs.~5! and
~7!, we get

DGD5D*G. ~8!

It can be easily seen that Eq.~8! is consistent with the ex-
pected inequalitiesGD>G andD*>D. From Eq.~7!, if one
assumes wrongly purely diffusive conditions~i.e., D*5D!,
an analysis of the raw composition data will lead to an
fective value ofDT :

DT*52DG/GT . ~9!

From Eqs.~5! and ~8!, we getD*G5DGD52DTGT , so
that

DT*5~D/D* !DT . ~10!

Using Eq.~1!, the above expression finally becomes

DT*5DT /@11aW̄2H2/D2#. ~11!

It should be noticed that we did not need to refer to the lo
form of the conservation equations to obtain Eq.~11!; the
key is to account for the convective contribution via an
fective isothermal diffusion coefficient.

The predictions of Eq.~11! can now be compared to th
Henry and Roux numerical results; it should be recalled t
the computations related the composition gradient in
middle of the cavity normalized by its value for purely di
511Garandet et al.
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FIG. 1. Variation of the effective thermodiffusion coefficient with the convection velocity. Symbols: numerical data; full line: Eq.~15!.
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fusive conditions@(]X/]Z)mid in their notations,G/GD in
ours# with the maximum convective velocitywM in the fluid.

As the effective diffusivity approach features the av
age convective velocity, we have to find a relation betwe
these two quantities. To do so, we can use the parallel fl
solution proposed in Ref. 10 for cylindrical horizontal geom
etries~i.e. the configuration of Ref. 1! submitted to an axia
temperature gradient. To the first order, the dimension
axial velocity is given by

w50.125K1~r
32r !sin q. ~12!

The non-dimensional radial coordinater being defined with
respect to the radius of the capillary. The constantK1 stands
for the temperature gradient and the position of a given p
is given by its cylindrical coordinatesr andq, q being mea-
sured with respect to the horizontal.10 Provided the body
force remains constant along the cavity, which incidentally
a necessary condition for the existence of a parallel flow,
above solution can be generalized to the case whereK1 ac-
counts for both temperature and composition gradie
Simple algebra then leads to a relation between the ave
(uwu) and maximum (wM) convective velocities:

uwu/uwMu512A3/15p.0.441. ~13!

From W̄5(n/H)w̄,W̄2H2/D2 becomesw̄2 Sc2, Sc5n/D be-
ing the Schmidt number. Taking into account the fact that
the numerical simulations were carried out with Sc560 and
using Eqs.~8! and ~10! to identify DT* /DT with G/GD , the
prediction from Eq.~11! relating DT* /DT and wM can be
written as

DT*

DT
5

1

11700awM
2 . ~14!
512 Phys. Fluids, Vol. 9, No. 3, March 1997
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Shown in Fig. 1 is the variation of the normalized compo
tion gradient with the maximum fluid velocity redrawn from
Fig. 12 of Ref. 1, our notationsDT* /DT andwM being used
instead of (]X/]Z)mid and Ṽmax. The symbols are the nu
merical data points and the full line a curve of equation:

DT*

DT
5

1

11290wM
2 . ~15!

Equations~14! and ~15! have similar forms and the agree
ment observed in Fig. 1 can be taken as a guarantee o
validity of our effective coefficient approach. To perfectly
the Henry and Roux’ data, we have seta50.41. Such a value
has the same order of magnitude as thea51/11 of the 2D
numerical simulations of Ref. 4 or thea50.25 predicted by
the scaling analysis. The discrepancy in terms of proporti
ality factors may seem quite large, but we think it can
ascribed to the nature of the modelling~2D versus 3D! and
also to the physical problem~isothermal diffusion versus
thermodiffusion!.

At this point, one may question the interest of the effe
tive diffusivity approach, since Jacqmin’s solution3 could ac-
count analytically for the Henry and Roux numerical resu
except at the extremities of the cavity. However, we thi
that our work brings some insight into the physics of t
transport phenomena and we shall see in Secs. IV and V
the effective diffusivity formalism facilitates the discussio
of the convective effects in experimental configurations.

Another advantage of this effective diffusivity formalism
is that it allows us to generalize the above results to the o
formulations of the thermodiffusion problem, namely Eq
~2! and ~4!. In these cases, the analysis of the raw data w
not feature directly the composition gradient. For instan
Garandet et al.
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with Eq. ~4!, the interested reader can check that the relev
variable is the quantity log(C).

However, whatever the formulation used, what is d
duced from the temperature composition profile is always
ratio of the Soret and isothermal diffusion coefficients. T
arguments developed in Eqs.~5! to ~10! can be adapted at th
expense of some algebra, and assuming that conve
transport can be included in an effective diffusivityD* , the
analysis of the composition data assuming purely diffus
conditions will result in

DT* /DT5D/D* . ~16!

It should be noted that the result of Eq.~16! holds even
though, as stated earlier, no parallel flow solution can
found in general since with formulations~2! and~4! the com-
position gradient in the cavity is not uniform. To sum thin
up, it appears that the sensitivity of a thermodiffusion co
ficient measurement to convection does not depend on
formulation used, but only on the non-dimensional gro
W̄2H2/D2.

III. EXPERIMENTAL RESULTS

The experiments carried out both on the ground and
microgravity were performed using the shear cell techniq
We shall here only outline the basis of the method, the
terested reader being referred to Ref. 5 for more details
the topic. The liquid samples are processed in thin capilla
of diameter 1–2 mm, which consist of a superposition
disks whose height ranges from 3 to 10 mm. The cell c
tains four capillaries and is itself installed in a closed c
tridge filled with an inert gas; 100 mbar of He were used
the EURECA experiments. The disks are compressed b
spring in order to resist the vibrations and the accelerati
of the spacecraft at launch.

An axial temperature gradient is established, and
thermotransport is allowed to proceed until a steady-stat
reached. The liquid vein is then divided by differential rot
tion of its disks, and the material contained in each disk
left to solidify. The main advantage of the shear cell tec
nique with respect to the standard procedure—where
sample is quenched at the end of the experiment—is
there is no solidification induced solutal segregation. Suc
segregation can never be ruled out in practice and may
to a significant bias in the analysis of the raw compositi
temperature profile.

As can be expected, the time period necessary to rea
steady-state depends on the length of the liquid veinL. From
the analytical solution obtained by de Groot7 assuming
purely diffusive transport conditions, it can be seen that
approach to equilibrium took place at a characteristic rat

t5L2/p2D. ~17!

In practice, the separation can be considered quasi-com
at 3t. In the Spacelab flights, the available microgravity tim
was limited to roughly six hours per experiment. This in tu
limited the length of the samples to 18 mm, divided in s
disks of 3 mm each. For the EURECA mission on the ot
hand, more than 250 hours of microgravity were availab
which allowed us to increase the length of the capilla
Phys. Fluids, Vol. 9, No. 3, March 1997
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vein to 110 mm, divided in 11 disks of 10 mm each. A bet
accuracy can thus be expected for the EURECA exp
ments.

After separation of the liquid vein and subsequent co
ing, the material is removed from the disks and submitted
a neutronic flux in the SILOE reactor of the CEA-Grenob
The composition of the samples can be deduced from a m
surement of theirg activity. The sensitivity of such a metho
is of the order of ten parts per billion, and its accuracy
terms of relative concentration variations ranges from 0.
to 0.5%, depending on autoabsorption and on cylindric
defects.

Various tin based alloys were examined with this tec
nique. A necessary step in the analysis consists in identify
relevant absorption and disintegration reactions~g energies,
half lives! such as

50
112Sn~n,g!49

113In, g50.392 MeV, 115 days,

50
116Sn~n,g!50

117Sn, g50.159 MeV, 14 days,

50
124Sn~n,g!51

125Sb, g51.067 MeV, 9.6 days,

27
59Co~n,g!27

60Co, g51.173 MeV, 5.3 years,

g51.332 MeV, 5.3 years,

47
109Ag~n,g!47

110Ag, g50.658 MeV, 250 days,

79
197Au~n,g!79

198Au, g50.41 MeV, 2.7 days.

It was unfortunately not possible to find an appropriate re
tion for the bismuth doped tin alloy or for the other tin is
topes. As a consequence, a classical atomic adsorption
nique had to be used to measure the Bi composition.

Our results are summarized in Table I in terms of t
dimensionless thermodiffusion factorr defined as
r5T* ~DT/D!. As can be seen from Eq.~4!, at steady-state,r
is given by the slope of the@log(T), log(C)# curve. The
reported accuracy is simply the dispersion of the meas
ments. Even though the ground experiments were carried

TABLE I. Thermodiffusion factorsr ~see the text! in various tin based
alloys for both microgravity and ground based experiments.

System
Composition

~wt. %! ground/mg r ~31023!

Tin isotopic
Sn112 ground 2612
Sn112 mg ~EURECA! 776 8
Sn116 mg ~EURECA! 33612
Sn124 mg ~EURECA! 255610

Sn:Co 0.04 ground 0620
mg ~FSLP! 1860640

Sn:Ag 0.04 ground 47610
mg ~D1! 175640

Sn:Bi 4 ground 2405610
mg ~D1! 2758640

Sn:Au 0.06 ground 2182636
0.07 mg ~EURECA! 2837612
6 ground 2574650
513Garandet et al.
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in a vertical set-up toa priori minimize the convection level
it appears that the separation observed in microgravity
always significantly higher.

The deduced thermodiffusion factor is in principle ind
pendent of the thermal field. In practice however, due to
relatively low values ofr , the applied gradient should b
high enough to yield observable composition variations. T
difference between the end temperatures was 450 K for
EURECA flight, within an alumina cartridge. On the oth
hand, the previous microgravity experiments were run i
zirconia cartridge, with a 350 K temperature difference.

In all cases, the ground experiments shown in Tab
were carried out in the same conditions as their flight co
terparts, except that graphite was selected as cartridge m
rial. We shall indeed see in Sec. V that the convective d
ing force in the Earth laboratory is associated with defects
the thermal field. In that respect, graphite appeared to b
interesting choice to smooth out all the unwanted tempe
ture differences. Such a motivation did not exist for the m
crogravity experiments, as the details of the thermal field
not so important. Besides, as power is always severely
ited aboard the spacecrafts, it would not have been poss
to use a graphite cell.

IV. SORET COEFFICIENT MEASUREMENTS IN
MICROGRAVITY

Using the formalism developed in Sec. II, we can p
ceed to a discussion of possible convective effects in mic
gravity conditions, our primary purpose being to ass
whether thermodiffusion coefficient measurements can
safely carried out in space. There, the dominant convec
driving force is given by the cross product interaction of t
axial density gradient¹r with the transverse component o
the residual gravity. We can thus again use the parallel fl
solution proposed in Ref. 10, written here in dimensio
form, to derive the average fluid velocity:

W̄5~1/15p!~¹r/r0!gH
3/n. ~18!

It should be once more noted that Eq.~18! is only valid when
¹r is uniform in the cavity, which requires in our prese
problem that the formulation of Eq.~3! is used. However, we
saw with Eq.~16! that the relative reduction of the value o
the thermotransport coefficient induced by convection
not depend on the formulation. Our discussion can thus
safely based on Eq.~18!.

The equation of state of the fluid bein
r5r0[12bT(T2T0)1bS(C2C0)] we get from Eq.~9!,

¹r/r052bTGT1bSG52@bT1~DT* /D !bS#GT . ~19!

As noted in Ref. 1, depending on the signs ofbS andDT* ,
thermotransport will lead to an acceleration or a damping
the flow. The effective coefficientDT* should a priori be
used in Eq.~19! to account for the actual solutal effect. Un
der the assumption of volume additivity, reasonable for l
uid systems, the solutal expansion coefficient can be e
mated from the formula giving the mass density of an A
alloy:

r5rArB /~xBrA1xArB!, ~20!
514 Phys. Fluids, Vol. 9, No. 3, March 1997
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wherexA , rA , xB , rB are the mass fractions and mass de
sities of the elements A and B. Simple algebra indicates
bS will vary betweenrA/rB21 andrB/rA21.

The difference between the mass densities of the c
stituents A and B may be quite high in liquid metals, andbS

can take values, expressed in inverse weight fraction, ran
from 0.1 to 2. On the other hand,bS is much smaller in
semiconductor alloys of the same class~III–V, II–VI !, typi-
cally of the order of 0.05, with the exception of germaniu
in silicon ~bS51.2!.

In dilute tin based alloys, the solutal contribution in E
~19! can be safely omitted; indeed, the ratioDT/D is propor-
tional to the average solute concentrationC0 and does not
exceed 1025 ~wt. fr! K21 for C0 smaller than 0.01 wt. fr.5

Using typical values for the thermal expansion coefficie
bT51024 K21, the applied temperature gradientGT5104

Km21, the fluid viscosityn5231027 m2s21, the isothermal
diffusion coefficientD5531029 m2s21 and the capillary di-
ameterH51.531023 m, Eq. ~18! leads to

W̄H/D51050~g/g0!, ~21!

where the ratiog/g0 measures the reduction of the gravi
level aboard the spacecraft with respect to Earth based
ditions. Even in a manned mission, this ratio very rare
exceeds 1024, its typical value being in the@1025, 1026#
range, so that in any caseW̄H/D<0.1. From Eq.~11!, it
appears clearly that the convection induced error on the S
coefficient will be very small, since the proportionality fact
a was seen to be always smaller than unity.

The discussion up to this point has been based on
~18!, which comes from a parallel flow solution obtained in
constant gravity vector configuration. In space, gravity flu
tuates both in direction and magnitude and the developm
of this section are only validstricto sensufor dc g-levels.
However, these dcg-levels are the ones that impact most
solute transport, since it can be shown that high freque
gravity variations are damped by viscosity.11

In concentrated alloys, the solutal and thermal contrib
tions in Eq.~19! can be of the same order of magnitude, b
it can again be stated that the space experiments take p
under purely diffusive transport conditions. However, ev
in dilute metallic or semiconducting systems, the capilla
diameter should be limited to roughly 2 mm, due to theH4

dependence ofW̄H/D.

V. SORET COEFFICIENT MEASUREMENTS ON
EARTH

Our purpose in this section is to discuss the possibility
performing relevant Soret coefficient measurements
Earth, relying again on the formalism developed in Sec.
We shall also see that our experimental results in tin ba
alloys and the numerical data of the Henry and Roux supp
the validity of our effective diffusivity approach.

In order to minimize convective effects, it appears na
ral to maintain the set-up in a vertical position, with th
higher temperature at the top of the sample, but these
cautions may not be sufficient to guarantee purely diffus
solute transport. Indeed, a slight misalignment of the ca
Garandet et al.
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lary axis with the local vertical gives birth to fluid motion
due to the non-zero value of the cross product of the impo
axial temperature gradient with gravity.

Another possible cause for convection is related to
overall heat transfer in the experimental set-up. Indeed, w
the thermal conductivities of the sample and the surround
medium are different, the heat flow from the hot end to
cold end can not be purely directional, resulting in tempe
ture gradients inside the capillary. In practice, these gradi
will always contribute to the convective flow.

The identification of the dominant mechanism is f
from obvious as both causes are very difficult to appreci
Indeed, typical misalignments are probably smaller than
but a precise measurement of the angle is hardly poss
Similarly, in an optimized set-up, the radial temperature d
ferences are very low, of the order of 0.1 K; an accur
estimation, for instance with the help of numerical simu
tions, would be very difficult.

Another phenomenon to take into account is the solu
stabilization of the flow, as discussed by Hart.6 Briefly
stated, in a vertical set-up, when the heavier component
fuses downwards, the convection induced radial segrega
tends to decrease the radial density gradient and thus
fluid velocity. A discussion of this effect had been propos
in a former paper by one of us,5 but we shall have to come
back on this point.

To start with, let us check the potential effect of a m
alignment of the capillary in a dilute system. The discuss
can again be based on Eq.~18!, provided thatg is changed to
g sina, a being the deflection angle with the vertical. Usin
the same values as before,bT51024 K21, GT5104 Km21,
n5231027 m2 s21, D5531029 m2 s21 and H51.531023

m, Eq. ~18! leads to

W̄H/D51050 sina. ~22!

To keepW̄H/D below 0.5,a has to remain smaller tha
0.03°, which is hardly possible in practice. A reduction of t
p
te
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capillary diameter to 1 mm would increase the allowed m
alignment to 0.14°, which is still a very stiff requirement.

The estimation of the error related to radial temperat
gradients is more complex, since the driving force can not
considered uniform in general. However, let us assume
the present discussion that Eq.~18! can again be used. Th
typical dimension of the cavityH should now be taken as th
capillary radius, due to the symmetry of the heat flux alo
the sample. SettingH57.531024 m and keeping the othe
values as before, we get

W̄H/D56.631023 GT,r . ~23!

The radial thermal gradientGT,r is given asGT,r5DTr /H,
DTr being a relevant temperature difference. To keepW̄H/D
below 0.5 requiresGT,r smaller than 75 K/m, which trans
lates intoDTr<5.731022 K over a 0.75 mm capillary. Such
low values are very difficult to obtain in practice consideri
the large axial gradients necessary to get an observable
motransport separation.

In concentrated alloys, we found that a stabilizing solu
gradient could reduce significantly the convection rela
transport. To do so, we estimated the velocity reduction
to the stabilization effect. This was done in Ref. 12, whe
we derived a damping factorz as

z5W̄/W̄~RaS50!, ~24!

using Hart’s analytical solution6 for the flow in a long cavity
submitted to both temperature and composition gradients
the above expression, RaS is the solutal Rayleigh number
RaS5bSgGH

4/nD, that measures the amount of solutal s
bilization andW̄ ~RaS50! is the average velocity of the ther
mally driven flow. More precisely, settingM5~2RaS/4!21/4,
we found12

z5
96

M4 f ~M !, ~25!

with f (M ) equal to
usinh~M /2!cosh~M /2!1sin~M /2!cos~M /2!2sinh~M /2!cos~M /2!2sin~M /2!cosh~M /2!u
usinh~M /2!cosh~M /2!1sin~M /2!cos~M /2!u

.
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-
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se
et
tio

nts
or

of
However, our numerical simulations12 showed that the
damping effect deduced using the effective diffusion a
proach in connection with Hart’s model was overestima
when the stabilizing gradient was high, and that the atta
ment of diffusion controlled conditions on the ground w
not possible in practice.

This came as a contradiction to the conjecture mad
few years ago5 that for the Sn: 6 wt. % Au alloy, soluta
stabilization could be strong enough to guarantee purely
fusive transport conditions even in the Earth’s gravity. Ho
ever, the discussion of Ref. 5 relied on a derivation of
damping effect that our more recent results12 proved to be
overestimated. Besides, the results of the EURECA exp
ment showed that the separation was higher in space,
-
d
-

a

if-
-
e

ri-
di-

cating that natural convection was indeed a factor on
ground.

To finish with, it is interesting to see whether the Hen
and Roux numerical results, coming from a modelling o
microgravity configuration,1 could account, at least qualita
tively, for the reduced separation observed on Earth for v
ous solutes in tin. In that case, the missing link will of cour
be provided by our effective diffusivity approach. First, l
us notice that from the discussion in Sec. II, the ra
r ~1g!/r ~mg! can be identified withDT* /DT .

Unfortunately, we do not have accurate measureme
for neither the set-up misalignment with the vertical, nor f
the lateral temperature differences in the capillary~rough es-
timates indicate that the value of these defaults could be
515Garandet et al.
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Eq.

to
on
the order of 0.5° and 0.2 K, respectively!. It is thus not
possible to derive the absolute value ofwM in the experi-
ments. Only the relative magnitudes of the convection vel
ity from one experiment to another can be estimated with
help of Hart’s model.

We thus have to select a reference experiment be
deriving a damping or acceleration factor for the others.
do so, the best choice is to use the dilute system Sn:
wt. % Ag and Sn: 0.06 wt. % Au where the effect of solu
stabilization can safely be neglected. As can be seen in T
II, the ratio of the thermodiffusion factors is close to 0.25
both cases. For tin isotopes,r ~1g!/r ~mg! should also be
around 0.25, but we think that the absence of separa
observed on the ground is mainly due to the difficulty
measuring very limited composition variations.

Reporting the reference Sn: 0.04 wt. % Ag and Sn: 0
wt. % Au experiments on the curve represented in Fig. 1,
see that the dimensionless fluid velocitywM corresponding
to the observed separation@r ~1g!/r ~mg!.0.25# is of the order
of 0.1. We cannot tell whether the dominant driving force
related to a misalignment of the set-up or to existing te

TABLE II. Variation of the thermodiffusion factor ratior (1g)/r (mg)
5 DT* /DT with sample diameter and stabilizing effect.

Experiment
Sample diameter

~mm! r 1g/rmg

Stabilizing
effect

0.04 wt. % Co 2 0 No
0.04 wt. % Ag 1.5 0.27 No
0.06 wt. % Au 1.5 0.22 No
4 wt. % Bi 1.5 0.53 Yes
6 wt. % Au 1.5 0.69 Yes
516 Phys. Fluids, Vol. 9, No. 3, March 1997
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perature gradients in the capillary, but the important point
our present purposes is that we can usewM50.1 as a refer-
ence velocity.

Figure 2 represents the variation of the effective th
modiffusion coefficient with fluid velocity as obtained from
Eq. ~15! for a largerwM range than in Fig. 1. It appears th
for the Sn:Co experimentwM is of the order of 0.32, due to
theH4 dependence of the convective level on the diame
As seen in Fig. 2, this means that the predicted thermodi
sion factor ratior ~1g!/r ~mg! will be very close to zero, in
agreement with the experiments, where no separation c
be observed on the ground.

The comparison between numerical modelling and
periment for the Sn: 4 wt. % Bi and the Sn: 6 wt. % A
systems can be done via a derivation of the damping fa
derived in Eq.~25!. From Eq.~4!, the relevant solutal gradi
ent to be used in RaS is given byG5(r /T̄)C̄GT . In our
experiments,T̄, the mean temperature in the capillary,
roughly 800 K.

For the Sn:Au system, usingbS56.131023 ~wt. %!21,
n51.831027 m2 s21, D5531029 m2 s21, r520.837 and
experimental conditionsGT5104 Km21, H57.531024 m,
C56 wt. %, we getG5268 wt. % m21, RaS521460 and
from Eq.~25!, z50.25. For the Sn:Bi alloy, keeping the sam
values forn, D, GT andH, but with r520.758 andC54
wt. %, we findG5232 wt. % m21, RaS52337 andz50.59.

As stated earlier, the damping effect estimated from
~25! was found to be overestimated at high values of RaS .

12

However, at moderate RaS numbers ~RaS521460 and
RaS52337!, we could expectz to be accurately predicted
from Eq. ~25!. Indeed, reporting the points corresponding
the Sn: 4 wt. % Bi and the Sn: 6 wt. % Au experiments
FIG. 2. Effect of convection in ground based Soret coefficient measurements of various tin based alloys@full line: Eq. ~15!#. Dilute systems Sn: 0.04 wt. %
Ag and Sn: 0.06 wt. % Au were taken as a reference to estimate the relevantwM .
Garandet et al.
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the curve of Fig. 2, we find that they compare fairly we
with the predictions of Henry and Roux. Considering t
large number of simplifying assumptions, it is gratifying
see that the numerical simulations can account for the
served separations.

The present result clearly demonstrates that the att
ment of diffusion controlled conditions is virtually impos
sible on Earth in our experimental configuration. It also su
ports the validity of the effective diffusivity approach as
tool for a physical understanding of the transport phenom
in the fluid.

IV. CONCLUDING REMARKS

Our purpose in this work was to gain some insight in
the problem of natural convection perturbations in Soret
efficients measurements. We first saw that an effective
fusivity concept, similar to the one introduced in an earl
paper for isothermal configurations4 was applicable to ther
modiffusion. The scaling analysis carried out indicates t
the measurement error induced by convection is proportio
to the square of the fluid velocity. We found that this effe
tive diffusivity concept compared well with the 3D numer
cal simulations of Henry and Roux.1

We then proceeded to a presentation of our experime
results from both past microgravity missions5 and the recent
EURECA flight on tin based alloys. We found that the s
lutal separation, and thus the deduced Soret coefficient,
always significantly higher in space, even in systems wh
solutal stabilization of the flow was certainly a factor.

To account for such a result, we analyzed the possib
of realizing clean, error free measurements both on
ground and in microgravity in liquid metals or semicondu
tors. Taking the worst case of manned space flights wh
the gravity level can reach 1024 g0, it appeared that convec
tive interference could be safely ruled out in all space exp
ments, provided that the capillary diameter did not excee
mm. The potential of microgravity is also clear for the ca
of organic mixtures and aqueous solutions.13

On the other hand, convective transport was found to
hardly avoidable on Earth, even in an optimized configu
tion. The requirements in terms of both misalignment of
set-up with the vertical and lateral temperature gradie
were seen to be much too stiff in practice. The application
a magnetic field could be an interesting possibility to redu
the fluid velocity in liquid metals or semiconductors, b
whether purely diffusive transport conditions could be
tained remains questionable.

Finally, we discussed the difference between our grou
and microgravity results in tin based alloys using Har
model for solutal stabilization of the flow. It appeared th
convective transport could never be totally eliminated, ev
in systems where damping was efficient. We also show
that the Henry and Roux numerical simulations could qu
tatively account for the reduced separation observed exp
mentally on Earth.
Phys. Fluids, Vol. 9, No. 3, March 1997
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APPENDIX: THE DERIVATION OF THE EFFECTIVE
DIFFUSION COEFFICIENT

The expression relating the effective and true isotherm
diffusion coefficients@Eq. ~1! in the text# was first published
in Ref. 4, but our purpose here is to propose a more eleg
derivation, that allows a better identification of the releva
physical mechanisms and of the assumptions required.
start with, let us consider the classical convecto-diffus
solute conservation equation:

]C

]t
1~V•¹!C5D¹2C, ~A1!

whereV stands for the fluid velocity andD for the isother-
mal diffusion coefficient. A key step in the derivation co
sists in focusing only on the laterally averaged concentra
field, since in most experimental configurations, e.g. for
shear cell or long capillary techniques, it is the variable us
in the analysis procedure. Let us thus distinguish the a
and radial variations in the overall composition field:

C~x,y,z,t !5C0~z,t !1C1~x,y,z,t !,

C0~z,t !5^C&S ,

^ &S representing the lateral average over the capillary cr
section. The capillary is oriented along thez-axis in our
choice of notations. With these definitions,C1 can be con-
sidered as a fluctuation superimposed to the mean comp
tion C0. Let us now proceed to take the average of the th
terms in Eq.~A1!:

K ]C

]t L
S

5
]C0

]t
, ~A2a!

^~V•¹!C&S5
]~^WC&S!

]z
, ~A2b!

^D¹2C&S5D
]2C0

]z2
, ~A2c!

W standing for thez-component of the fluid velocity. The
no-slip condition at the boundaries and the continuity eq
tion for an incompressible fluid were invoked to derive E
~A2b!. As for Eq.~A2c!, the only assumption required is tha
of no solutal flux on the lateral edges,]C/]n50, with n
standing for the normal to the capillary in the (x,y) plane.
Taking advantage of the zero net mass flux in thez-direction,
Eq. ~A2b! can be transformed to yield̂WC&S5^WC1&S .
Equation~A1! then becomes
517Garandet et al.
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]C0

]t
1

]~^WC1&S!
]z

5D
]2C0

]z2
. ~A3!

The reader should be convinced that no approximations
involved in the derivation of Eq.~A3!. The problem is that
we need to get some informations onC1 to find a solution in
terms ofC0. To do so, let us substract Eq.~A3! from Eq.
~A1!. The result reads as

]C1

]t
1~V•¹!C01~V•¹!C12

]~^WC1&S!
]z

2D¹2C150.

~A4!

From now on, a few hypotheses are required; first, we s
assume the convection induced perturbation of the so
field C1 to be small, such that the terms (V•¹)C1 and
](^WC&S)/]z can be considered second order compared
(V•¹)C05W]C0/]z. Equation~A4! then becomes

]C1

]t
1W

]C0

]z
2D¹2C150. ~A5!

Due to the long duration and the large extent in t
z-direction of the capillary in typical experimental config
rations, one can also suppose the time andz-variations ofC1
to be negligible with respect to the lateral derivation term
yielding

D¹S
2C15W

]C0

]z
, ~A6!

¹S
2 representing the Laplacian operator in the capillary cr

section. In principle,C1 can be exactly deduced from Eq
~A6! and adequate boundary conditions. However, the d
vation of an approximate solution will facilitate the identifi
cation of the relevant physical parameters of the proble
Indeed, after multiplication byC1 of both sides of Eq.~A6!
and lateral averaging of the obtained expression, we find

^WC1&S
]C0

]z
52D^¹SC1 .¹SC1&S . ~A7!

All we now have to do is to find an ‘‘order of magnitude
solution for¹SC1 to get an estimate of the expression in t
left hand side of Eq.~A7!. To do so, let us assume that the
exists a direction in the cross section, denotedj in the fol-
lowing, where the composition variations are the strong
Equation~A6! can then be written as

D
]2C1

]j2
5W

]C0

]z
. ~A8!

The variablej is supposed to range from2H/2 to1H/2, H
being a typical dimension of the capillary cross section.
tegration of Eq.~A8! over the half cavity whereW is posi-
tive, taken here as@2H/2,0#, we find

D
]C1

]j U
0

5~H/2!W̄
]C0

]z
, ~A9!
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W̄ standing for the lateral average ofW. For order of mag-
nitude purposes, it is certainly licit to assume that theC1
gradient remains uniform in the cross section and close
]C1/]ju0. Equation~A7! then yields

D^WC1&S5SH2

4 D W̄2
]C0

]z
. ~A10!

Reporting Eq.~A10! in Eq. ~A3!, we see that our initial
solute conservation equation becomes

]C0

]t
5D*

]2C0

]z2
, ~A11!

where the effective diffusion coefficientD* is given as

D*5D@11~1/4!~W̄2H2/D2!#. ~A12!

Equation ~A11! states that it is impossible to differentia
between a convecto-diffusive and a purely diffusive transp
process, provided thatD is changed toD* . Of course, the
various assumptions made in the course of the deriva
limit the range of applicability of such a result to the prese
problem. More specifically, the key step in the procedu
appears to be the averaging of the composition field over
capillary cross section, which allows convection to hide
the pretense of accelerated diffusion.
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