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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 dimensiongBD) 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 avoidetB9®American
Institute of Physicg.S1070-663197)00403-0

I. INTRODUCTION ways a component of the residual gravity that is transverse to
the capillary axis and thus provides the most effective driv-
The modellization and the understanding of a variety ofing force for convection. The full three dimensional numeri-
processes rely on the knowledge of transfer coefficientscal analysis of the problem has been carried out by Henry
However, an accurate measurement of these parametersaad Roux for both the horizontaand the inclinei configu-
very difficult when the diffusivities are very low, e.g., for the rations.
case of solute transport in liquid metals or semiconductors. Away from the endwalls, the numerical solutions exhibit
Indeed, the unavoidable natural convection induced by the parallel flow behavior, which inspired Jacgmin’s analytical
cross product interaction of density gradients with gravityapproach A striking result of the simulations is that the
may lead to significant errors, even in thin capillaries. solute gradient around the central part of the cavity corre-
A pendent question is thus to assess the possibility ofated univocally with the maximum convective velocity. As
realizing these measurements on Earth, the alternative beirige measured thermodiffusion coefficient is deduced directly
to carry out the experiments aboard space vehicles where ttism the composition profile, this means that the final result
intensity of gravity is reduced by a factor ranging fronf1®  depends on neither the physical driving foftgermal and/or
10P. Our purpose in this paper is to provide some new in-solutal gradientsnor on the detailed shape of the flow fiéld.
sights to this problem for the case of thermodiffusion coef-  This point is very important for our present purposes
ficients measurementSoret effeck since it can be thought that an effective diffusivity concept
In a typical long capillary or shear cell set-up, the me-can capture the essence of the transport problem, as done in
tallic sample is melted and submitted to an axial thermal previous work for an isothermal diffusion coefficients
gradient for a sufficiently long time to allow a steady-state toconfiguratior: From a simple order of magnitude analysis,
be reached. A tricky part in the procedure consists in avoidearried out in parallel with numerical simulations, we
ing any altering of the liquid state solute distribution during showed that the error induced by convection was_propor-
the solidification phase. The thermotransport coefficient idional to the square of the average fluid flow velodity
then deduced from an analysis of the temperature/ More precisely, the effective diffusion coefficiebt*,
composition profiles in the resulting solid sample. i.e., the one that would be deduced from the experimental
Since the axial component of the dengityermal and/or data assuming purely diffusive transport, was seen to be re-
soluta) gradient is generally much larger than the laterallated to the true diffusion coefficiel@ by
component, the experimental set-up is maintained vertical
for ground configurations. In space, the cavity should be con- _
sidered horizontal for modelling purposes since there is al- D*=D[1+ a«W?H?/D?], 1)
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H being a typical dimension of the cavity amda propor-  with D+=27Cy(1—C,). In the case of dilute alloys thg
tionality factor predicted to be of order of magnitude 1/4 by —C) term in Eq.(2) can be dropped, yieldirfig
:22 2(F:)a£)henngd;r'1aly3|s. A derivation of E€ll) is proposed in 3= — pDVC— p7CVT. @

One of the purposes of the present work is to adapt th€inally, the thermodiffusion factor=T*(%/D) can be in-
above result to the thermodiffusion problem, and to see howroduced using statistical mechanics arguments. For isotopic
this effective diffusivity approach compares with the Henry solutions, this dimensionless factor would depend only on
and Roux numerical results. Also interesting for the valida-the atomic mass difference of the constituents and would
tion of the effective diffusivity concept is the existence of thus be to the first order independent of the temperétﬁm.
experimental data for Soret coefficients in tin based alloyshe presence of convection, an additional contribution,
both on the ground and in microgravity. J=pCV, should be added in Eq&)—(4).

Microgravity results were obtained during Spacelab mis-  We shall now proceed to estimate the error on the ther-
sions on the NASA shuttle during the FSI(P983 and D1 modiffusion coefficient induced by this contribution. Let us
(1985 flights,” as well as on the recent EURECA automatic first consider, as done by Henry and Rbdxhat the mass
platform (1992. When the same experiments were run onflux is given by Eq.(3). For purely diffusive transport con-
Earth, the observed chemical separation was always smallatitions, we see that at steady stabs; is deduced from the
but it had been conjectur%dhat solutal stabilization of the product of the true diffusion coefficielt with the measured
flow could be efficient enough to guarantee purely diffusivecomposition gradienGp, according to
transport conditions. To gain some insights into this impor-
tant question, we shall have to consider the origin of possible D7Gr+DGp=0, ®)

convective movements in Earth based conditions. G+ being the applied axial thermal gradient. Let us now con-
For instance, a slight misalignment of the capillary axisjecture that, as in the isothermal case, the effect of convec-

with the vertical direction can lead to fluid flows that cantjon can be accounted for via an effective coeffici@it.

significantly modify the transport conditions. Another pos-The total mass flux for the thermotransport problem is given

sible driving force for fluid flow is the existence of radial

temperature differences in the sample due to global heat

transfer in the furnace. Both causes may be expected to have Jy=—pD*VC—pD;VT. (6)

an impact on the separation process, and we shall try t

correlate our experimental data with the numerical result

taking into account the mechanism of solutal stabilization o

convection as discussed by Hért. D;G;+D*G=0. )
We present in Sec. Il the various possible formulations . .

of the thermodiffusion problem, derive the effective diffusiv- Ir} the_ above expressio stand; for the corr_1posmon gra-

ity relation scaling the error induced by convective transporfjlent in the presence of convection. Comparing Efjsand

and compare its predictions with the numerical data. Sectiom’ we get

ll'is devoted to the experimental procedure and results, with  DG,=D*G. (8)

special emphasis on the information gained during the ) . ) .

EURECA mission. The possibility of realizing Soret coeffi- |t can be easily seen that E() is consistent with the ex-

cient measurements in space is discussed in Sec. IV. Finallfected inequalitie§,=G andD*=D. From Eq.(7), if one

we analyze in Sec. V the differences between ground basedFsumes wrongly purely diffusive conditiofise., D* =D),

and space results in liquid metals or semiconductors. an analysis of the raw composition data will lead to an ef-
fective value ofD+:

Rt steady-state, the relation between the thermal and solutal
fi_‘;radients is thus

Il. EFFECTIVE DIFFUSIVITY AND DT=-DGI/Gr. 9

THERMOTRANSPORT From Egs.(5) and (8), we getD*G=DGp=—-D;G, so
To begin with, we have to specify the theoretical framethat

relevant for the study of transport phenomena in the ther- % %

modiffusion configuration. It is quite difficult to derive a D7=(D/D*)Ds. (10

priori from thermodynamic considerations an expression retsing Eq.(1), the above expression finally becomes

lating the total mass flug,, in purely diffusive conditions to —

the temperature and composition gradients. Various phenom- DT =D1/[1+ aW?H?/D?], (11)

enological expressions can be found in the literature, th‘?t should be noticed that we did not need to refer to the local
most general being of the form form of the conservation equations to obtain Effl); the
Ju=—pDVC—pZ7C(1—-C)VT, (2)  key is to account for the convective contribution via an ef-
fective isothermal diffusion coefficient.

The predictions of Eq(11) can now be compared to the
nry and Roux numerical results; it should be recalled that
the computations related the composition gradient in the
Ju=—pDVC—pD+VT, (3 middle of the cavity normalized by its value for purely dif-

where &1 is the thermodiffusion coefficient. When the in-

duced concentration variations remain centered around 8
e

mean valueC,, Eq. (2) can be reduced to
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FIG. 1. Variation of the effective thermodiffusion coefficient with the convection velocity. Symbols: nhumerical data; full line&:5Eq.

fusive conditions[(9X/dZ)miq in their notations,G/Gp in  Shown in Fig. 1 is the variation of the normalized composi-

ours] with the maximum convective velocity,, in the fluid.  tion gradient with the maximum fluid velocity redrawn from
As the effective diffusivity approach features the aver-Fig. 12 of Ref. 1, our notation®}/D+ andw,, being used

age convective velocity, we have to find a relation betweennstead of ¢X/9Z),q and V.. The symbols are the nu-

these two quantities. To do so, we can use the parallel flounerical data points and the full line a curve of equation:

solution proposed in Ref. 10 for cylindrical horizontal geom-

etries(i.e. the configuration of Ref.)lsubmitted to an axial D} 1

temperatur_e graqlent. To the first order, the dimensionless Dy 1+290N§/|' (15

axial velocity is given by

w=0.12%,(r3—r)sin 9. (12 Equations(14) and (15) have similar forms and the agree-
ment observed in Fig. 1 can be taken as a guarantee of the

The non-dimensional radial coordinatéoeing defined with | 5jigity of our effective coefficient approach. To perfectly fit
respect to the radius of the capillary. The constapstands 4 Henry and Roux’ data, we have set0.41. Such a value

for the temperature gradient and the position of a given poinfas the same order of magnitude as thel/11 of the D

is given by its cylindrical coordinatesand d, & being mea-  ,merical simulations of Ref. 4 or the=0.25 predicted by
sured with respect to the horizontdlProvided the body e scaling analysis. The discrepancy in terms of proportion-
force remains constant along thg cavity, which incidentally ISjlity factors may seem quite large, but we think it can be
a necessary condition for the existence of a parallel flow, the s riped to the nature of the modellif@D versus D) and

above solution can be generalized to the case wgrac- 5154 1o the physical problerisothermal diffusion versus
counts for both temperature and composition grad'emsthermodiffusioa.

Simple algebra then leads to a relation between the average a; this point, one may question the interest of the effec-

(Iw[) and maximum ) convective velocities: tive diffusivity approach, since Jacqmin’s solutfaould ac-
W/|Wm|: 12,3/157~0.441. 13) count analytically for Fhe Henry and Roux numerical resglts
_ _ except at the extremities of the cavity. However, we think
From W= (v/H)w,W?H?/D? becomesv? S& Sc=v/D be-  that our work brings some insight into the physics of the
ing the Schmidt number. Taking into account the fact that alkransport phenomena and we shall see in Secs. IV and V that
the numerical simulations were carried out with=8®9 and  the effective diffusivity formalism facilitates the discussion
using Egs.(8) and (10) to identify D7/Dt with G/Gp, the  of the convective effects in experimental configurations.

prediction from Eq.(11) relating D¥/D+ and wy, can be Another advantage of this effective diffusivity formalism
written as is that it allows us to generalize the above results to the other
D* 1 formulations of the thermodiffusion problem, namely Egs.
*

L — (14) (2) and (4). In these cases, the analysis of the raw data will
Dy 1+700awy not feature directly the composition gradient. For instance,
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with Eq. (4), the interested reader can check that the relevantABLE I. Thermodiffusion factorsr (see the tejtin various tin based

variable is the quantity logg).

alloys for both microgravity and ground based experiments.

However, whatever the formulation used, what is de-

" ] Composition

duced from the temperature composition profile is always th&ystem (Wt. %) groundjug r (x1079

ratio of the Soret and isothermal diffusion coefficients. The — —
arguments developed in EdS) to (10) can be adapted at the Snﬂz ground 212
expense of some algebra, and assuming that convective Srtt2 ug (EURECA) 77+ 8
transport can be included in an effective diffusivily’, the Snt1é ug (EURECA) 33+12
analysis of the composition data assuming purely diffusive Sn# ug (EURECA) —55+10
conditions will result in Sn:Co 0.04 ground 020
ug (FSLP 186040
Q/’_*F/QT: D/D*. (16) Sn:Ag 0.04 ground 4710
ug (D) 175+40
It should be noted that the result of E(.6) holds even Sn:Bi 4 ground —405+10
though, as stated earlier, no parallel flow solution can be ug (D1) —758+40
found in general since with formulatio8) and(4) the com- ~ SMAu 0.06 ground —182+36
i S o ) . 0.07 ug (EURECA —837+12
position gradient in the cavity is not uniform. To sum things 6 ground _574+50

up, it appears that the sensitivity of a thermodiffusion coef-
ficient measurement to convection does not depend on the
formulation used, but only on the non-dimensional group
W2H?/D?2,

vein to 110 mm, divided in 11 disks of 10 mm each. A better
accuracy can thus be expected for the EURECA experi-
ments.

~ The experiments carried out both on the ground and in  After separation of the liquid vein and subsequent cool-
microgravity were performed using the shear cell techniqueing, the material is removed from the disks and submitted to
We shall here only outline the basis of the method, the ing neutronic flux in the SILOE reactor of the CEA-Grenoble.
terested I’eader being referred to Ref. 5 for more details Ofll'he Composition Of the Samp'es can be deduced from a mea-
the topic. The liquid samples are processed in thin capillariegyrement of theily activity. The sensitivity of such a method
of diameter 1-2 mm, which consist of a superposition ofis of the order of ten parts per billion, and its accuracy in
disks whose height ranges from 3 to 10 mm. The cell conterms of relative concentration variations ranges from 0.1%
tains four capillaries and is itself installed in a closed cartg .59, depending on autoabsorption and on cylindricity
tridge filled with an inert gas; 100 mbar of He were used forgefects.
the EURECA experiments. The disks are compressed by a  various tin based alloys were examined with this tech-
Sp”ng in order to resist the vibrations and the accelerauonﬁique' A necessary Step in the ana'ysis Consists in |dent|fy|ng

of the spacecraft at launch. relevant absorption and disintegration reactiépenergies,
An axial temperature gradient is established, and theygif jives) such as

thermotransport is allowed to proceed until a steady-state is
reached. The liquid vein is then divided by differential rota-
tion of its disks, and the material contained in each disk is
left to solidify. The main advantage of the shear cell tech-
nique with respect to the standard procedure—where the 12
sample is quenched at the end of the experiment—is that 50'SN(N,7)51°Sb, y=1.067 MeV, 9.6 days,
there is no solidification induced solutal segregation. Such a
segregation can never be ruled out in practice and may lead
to a significant bias in the analysis of the raw composition/
temperature profile.

As can be expected, the time period necessary to reach a ﬁ?gAg(n,y)i%oAg, y=0.658 MeV, 250 days,
steady-state depends on the length of the liquid \.eiRrom
the analytical solution obtained by de Grbaissuming
purely diffusive transport conditions, it can be seen that the
approach to equilibrium took place at a characteristic rate: It was unfortunately not possible to find an appropriate reac-

2,0 tion for the bismuth doped tin alloy or for the other tin iso-

7=L7°D. 17 topes. As a consequence, a classical atomic adsorption tech-
In practice, the separation can be considered quasi-completéque had to be used to measure the Bi composition.
at 3r. In the Spacelab flights, the available microgravity time Our results are summarized in Table | in terms of the
was limited to roughly six hours per experiment. This in turndimensionless thermodiffusion factorr defined as
limited the length of the samples to 18 mm, divided in sixr=T*(Z;/D). As can be seen from E¢4), at steady-state,
disks of 3 mm each. For the EURECA mission on the otheiis given by the slope of th¢log(T), log(C)] curve. The
hand, more than 250 hours of microgravity were availablereported accuracy is simply the dispersion of the measure-
which allowed us to increase the length of the capillaryments. Even though the ground experiments were carried out

IIl. EXPERIMENTAL RESULTS

$228n(n,y)53n, y=0.392 MeV, 115 days,

$2%sn(n,y)as’sn, y=0.159 MeV, 14 days,

39Ca(n,y)5%Co, y=1.173 MeV, 5.3 years,

v=1.332 MeV, 5.3 years,

AU(N, y)38AU, y=0.41 MeV, 2.7 days.
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in a vertical set-up t@ priori minimize the convection level, wherex,, pp, Xg, pg are the mass fractions and mass den-
it appears that the separation observed in microgravity isities of the elements A and B. Simple algebra indicates that
always significantly higher. Bs will vary betweenp,/pg—1 andpg/p,—1.

The deduced thermodiffusion factor is in principle inde- The difference between the mass densities of the con-
pendent of the thermal field. In practice however, due to thestituents A and B may be quite high in liquid metals, ghd
relatively low values ofr, the applied gradient should be can take values, expressed in inverse weight fraction, ranging
high enough to yield observable composition variations. Thdrom 0.1 to 2. On the other hangs is much smaller in
difference between the end temperatures was 450 K for theemiconductor alloys of the same clals-V, [I-VI ), typi-
EURECA flight, within an alumina cartridge. On the other cally of the order of 0.05, with the exception of germanium
hand, the previous microgravity experiments were run in an silicon (Bs=1.2).
zirconia cartridge, with a 350 K temperature difference. In dilute tin based alloys, the solutal contribution in Eq.

In all cases, the ground experiments shown in Table (19) can be safely omitted; indeed, the rallg/D is propor-
were carried out in the same conditions as their flight countional to the average solute concentratiop and does not
terparts, except that graphite was selected as cartridge matexceed 10° (wt. fr) K~! for C, smaller than 0.01 wt. f?.
rial. We shall indeed see in Sec. V that the convective drivUsing typical values for the thermal expansion coefficient
ing force in the Earth laboratory is associated with defects o3;=10% K™%, the applied temperature gradie@;=10"
the thermal field. In that respect, graphite appeared to be atm™%, the fluid viscosityy=2x10"" m?, the isothermal
interesting choice to smooth out all the unwanted temperadiffusion coefficientD =5x10"° m?* and the capillary di-
ture differences. Such a motivation did not exist for the mi-ameterH=1.5x10"°m, Eq.(18) leads to
crogravity experiments, as the details of the thermal field are —
not so important. Besides, as power is always severely lim- WH/D =10509/9o). (2D
ited aboard the spacecrafts, it would not have been possiblghere the ratiog/g, measures the reduction of the gravity

to use a graphite cell. level aboard the spacecraft with respect to Earth based con-
ditions. Even in a manned mission, this ratio very rarely

IV. SORET COEFFICIENT MEASUREMENTS IN exceeds 10%, its typical value being in th¢10™°, 10°°]

MICROGRAVITY range, so that in any cas&H/D<0.1. From Eq.(11), it

appears clearly that the convection induced error on the Soret

Using the formalism developed in Sec. Il, we can pro-coefficient will be very small, since the proportionality factor
ceed to a discussion of possible convective effects in microy was seen to be always smaller than unity.
gravity conditions, our primary purpose being to assess The discussion up to this point has been based on Eq.
whether thermodiffusion coefficient measurements can be18), which comes from a parallel flow solution obtained in a
safely carried out in space. There, the dominant convectivgonstant gravity vector configuration. In space, gravity fluc-
driving force is given by the cross product interaction of thetyates both in direction and magnitude and the developments
axial density gradien¥Vp with the transverse component of of this section are only validtricto sensufor dc g-levels.
the residual gravity. We can thus again use the parallel flovHowever, these dg-levels are the ones that impact most on
solution proposed in Ref. 10, written here in dimensionalsolute transport, since it can be shown that high frequency
form, to derive the average fluid velocity: gravity variations are damped by viscostly.

T 3 In concentrated alloys, the solutal and thermal contribu-

W=(L/15m)(Vplpo)gH T v. (18 tions in EQ.(19) can be of the same order of magnitude, but
It should be once more noted that E8) is only valid when jt can again be stated that the space experiments take place
Vp is uniform in the cavity, which requires in our present under purely diffusive transport conditions. However, even
problem that the formulation of E¢3) is used. However, we in dilute metallic or semiconducting systems, the capillary
saw with Eq.(16) that the relative reduction of the value of diameter should be limited to roughly 2 mm, due to &
the thermotransport coefficient induced by convection diddependence ofVH/D.
not depend on the formulation. Our discussion can thus be
safely based on Ed18).

The equation of state of the fluid being V. SORET COEFFICIENT MEASUREMENTS ON
p=pol1—Br(T—To)+ Bs(C—Cp)] we get from Eq.(9), EARTH

Vplpo=—B1Gr+ BsG=—[B1+(DF/D)Bs]Gr. (19 Our purpose in this section is to discuss the possibility of
performing relevant Soret coefficient measurements on
ﬁ/arth, relying again on the formalism developed in Sec. Il.
e shall also see that our experimental results in tin based
alloys and the numerical data of the Henry and Roux support

As noted in Ref. 1, depending on the signsgafand D7,
thermotransport will lead to an acceleration or a damping o
the flow. The effective coefficienD} should a priori be
used in Eq(19) t(.) account for the 39“.’6" solutal effect. Ur?' the validity of our effective diffusivity approach.
der the assumption of volume additivity, reasonable for lig- L . .

. : e . In order to minimize convective effects, it appears natu-
uid systems, the solutal expansion coefficient can be esti-

. . ral to maintain the set-up in a vertical position, with the
mated from the formula giving the mass density of an A—Bh. h h f th le. but th
alloy: igher temperature at the top of the sample, but these pre-

cautions may not be sufficient to guarantee purely diffusive
p=paps! (Xgpa+ Xapg), (200  solute transport. Indeed, a slight misalignment of the capil-

514 Phys. Fluids, Vol. 9, No. 3, March 1997 Garandet et al.



lary axis with the local vertical gives birth to fluid motion, capillary diameter to 1 mm would increase the allowed mis-
due to the non-zero value of the cross product of the imposedlignment to 0.14°, which is still a very stiff requirement.
axial temperature gradient with gravity. The estimation of the error related to radial temperature

Another possible cause for convection is related to thegradients is more complex, since the driving force can not be
overall heat transfer in the experimental set-up. Indeed, wheconsidered uniform in general. However, let us assume for
the thermal conductivities of the sample and the surroundinghe present discussion that E48) can again be used. The
medium are different, the heat flow from the hot end to thetypical dimension of the cavitid should now be taken as the
cold end can not be purely directional, resulting in temperacapillary radius, due to the symmetry of the heat flux along
ture gradients inside the capillary. In practice, these gradienthe sample. Settingl=7.5x10 % m and keeping the other
will always contribute to the convective flow. values as before, we get

The identification of the dominant mechanism is far —
from obvious as both causes are very difficult to appreciate. WH/D =6.6x10"° Grr (23
Indeed, typical misalignments are probably smaller than 1°The radial thermal gradier®+  is given asGy ,=AT,/H,
but a precise measurement of the angle is hardly possibld T, being a relevant temperature difference. To kéé/D
Similarly, in an optimized set-up, the radial temperature dif-below 0.5 require$s smaller than 75 K/m, which trans-
ferences are very low, of the order of 0.1 K; an accuratdates intoAT,<5.7x10 2 K over a 0.75 mm capillary. Such
estimation, for instance with the help of numerical simula-low values are very difficult to obtain in practice considering

tions, would be very difficult. the large axial gradients necessary to get an observable ther-
Another phenomenon to take into account is the solutamotransport separation.
stabilization of the flow, as discussed by HarBriefly In concentrated alloys, we found that a stabilizing solute

stated, in a vertical set-up, when the heavier component difgradient could reduce significantly the convection related

fuses downwards, the convection induced radial segregatiomansport. To do so, we estimated the velocity reduction due

tends to decrease the radial density gradient and thus the the stabilization effect. This was done in Ref. 12, where

fluid velocity. A discussion of this effect had been proposedwe derived a damping factdras

in a former paper by one of dshut we shall have to come ——

back on this point. {=WIW(Ras=0), (24)
To start with, let us check the potential effect of a mis- using Hart’s analytical solutidrfor the flow in a long cavity

alignment of the capillary in a dilute system. The discussiorsubmitted to both temperature and composition gradients. In

can again be based on E48), provided thag is changed to the above expression, Ré the solutal Rayleigh number,

g sin a, a being the deflection angle with the vertical. Using Ras= 8sg GH?/ vD, that measures the amount of solutal sta-

the same values as beforg;=10* K™%, G;=10* Km’l, bilization andW (Ras=0) is the average velocity of the ther-

p=2x10" m?s %, D=5x10"° m?’s ' and H=1.5x10"°  mally driven flow. More precisely, settingl =(—Rag/4) 4,

m, Eq.(18) leads to we found?

WH/D = 1050 sina. (22)

To keepWH/D below 0.5, has to remain smaller than
0.03°, which is hardly possible in practice. A reduction of thewith f(M) equal to

96
£= g FM), 25)

|sinh(M/2)cosi{M/2) + sin(M/2) cog M /2) — sinh(M/2)cog M/2) — sin(M/2) cosi M/2)|
|sinh(M/2)cosi{M/2) + sin(M/2)cog M/2)|

However, our numerical simulatiotfs showed that the cating that natural convection was indeed a factor on the
damping effect deduced using the effective diffusion ap-ground.
proach in connection with Hart's model was overestimated  To finish with, it is interesting to see whether the Henry
when the stabilizing gradient was high, and that the attainand Roux numerical results, coming from a modelling of a
ment of diffusion controlled conditions on the ground wasmicrogravity configuratiort,could account, at least qualita-
not possible in practice. tively, for the reduced separation observed on Earth for vari-
This came as a contradiction to the conjecture made aus solutes in tin. In that case, the missing link will of course
few years ago that for the Sn: 6 wt. % Au alloy, solutal be provided by our effective diffusivity approach. First, let
stabilization could be strong enough to guarantee purely difus notice that from the discussion in Sec. Il, the ratio
fusive transport conditions even in the Earth’s gravity. How-r (1g)/r (ug) can be identified wittD3/D+.
ever, the discussion of Ref. 5 relied on a derivation of the  Unfortunately, we do not have accurate measurements
damping effect that our more recent restfigroved to be for neither the set-up misalignment with the vertical, nor for
overestimated. Besides, the results of the EURECA experithe lateral temperature differences in the capill@aough es-
ment showed that the separation was higher in space, indiimates indicate that the value of these defaults could be of
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TABLE I. Variation of the thermodiffusion factor ratio(19)/r(«9)  perature gradients in the capillary, but the important point for
= D7/Dy with sample diameter and stabilizing effect. our present purposes is that we can ugg=0.1 as a refer-
ence velocity.

Sample diameter Stabilizing

Experiment (mm) F1df g effect Figure 2 represents the variation of the effective ther-
modiffusion coefficient with fluid velocity as obtained from

0.04 wt. % Co 2 0 No ¢ | han in Fia. 1.1 h

0.04 wt. % Ag 15 0.27 No Eq. (15 for a argervy,\,I rang(_at an in Fig. 1. It appears that

0.06 wt. % Au 15 0.22 No for the Sn:Co experimem,, is of the order of 0.32, due to

4 wt. % Bi 15 0.53 Yes the H* dependence of the convective level on the diameter.

6 wt. % Au 15 0.69 Yes As seen in Fig. 2, this means that the predicted thermodiffu-

sion factor ratior (1g)/r (ug) will be very close to zero, in
agreement with the experiments, where no separation could

the order of 0.5° and 0.2 K, respectivelit is thus not € observed on the ground. _ .
possible to derive the absolute valuewf, in the experi- The comparison between numerical modelling and ex-
ments. Only the relative magnitudes of the convection velocPeriment for the Sn: 4 wt. % Bi and the Sn: 6 wt. % Au
ity from one experiment to another can be estimated with th€YStems can be done via a derivation of the damping factor
help of Hart's model. derived in Eq.(25). From Eqg.(4), the relevant solutal gradi-
We thus have to select a reference experiment befor@Nt to be used in Rais given by G=(r/T)CG+. In our
deriving a damping or acceleration factor for the others. Toexperiments,T, the mean temperature in the capillary, is
do so, the best choice is to use the dilute system Sn: 0.0#ughly 800 K.
Wt. % Ag and Sn: 0.06 wt. % Au where the effect of solutal ~ For the Sn:Au system, usings=6.1x10"% (wt. %),
stabilization can safely be neglected. As can be seen in Tabk=1.8x10"" m?s™!, D=5x10"° m’s™*, r=-0.837 and
Il, the ratio of the thermodiffusion factors is close to 0.25 in €xperimental condition&=10" Km™, H=7.5x10"* m,
both cases. For tin isotopes(1g)/r(ug) should also be C=6 wt. %, we getG=—68 wt. % m ', Ra;=—1460 and
around 0.25, but we think that the absence of separatioffom Eq.(25), {=0.25. For the Sn:Bi alloy, keeping the same
observed on the ground is mainly due to the difficulty ofvalues fory, D, Gy andH, but with r=-0.758 andC=4
measuring very limited composition variations. wt. %, we findG=—32 wt. % mi !, Ras=—337 and{=0.59.
Reporting the reference Sn: 0.04 wt. % Ag and Sn: 0.06  As stated earlier, the damping effect estimated from Eq.
wt. % Au experiments on the curve represented in Fig. 1, wé25) was found to be overestimated at high values of Ra
see that the dimensionless fluid velocity, corresponding However, at moderate Ranumbers (Ra;=—1460 and
to the observed separatipr(1g)/r (ug)=0.25] is of the order Ra;=—337), we could expect to be accurately predicted
of 0.1. We cannot tell whether the dominant driving force isfrom Eq.(25). Indeed, reporting the points corresponding to
related to a misalignment of the set-up or to existing temthe Sn: 4 wt. % Bi and the Sn: 6 wt. % Au experiments on

i I | i I i
1+ -
Sn - 6% Au #*
-
<
xr 9 7
(o]
Sn - 0.04% Ag
Sn - 0.06% Au ¥
Sn - 0.04% Co
0Or * 4
{ | 1 1 1 i
0 1 2 .3 4 5
WM

FIG. 2. Effect of convection in ground based Soret coefficient measurements of various tin baseffdlldgs: Eq. (15)]. Dilute systems Sn: 0.04 wt. %
Ag and Sn: 0.06 wt. % Au were taken as a reference to estimate the releyant
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the curve of Fig. 2, we find that they compare fairly well ACKNOWLEDGMENTS
with the predictions of Henry and Roux. Considering the
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see that the numerical simulations can account for the ob@RAMME agreement between the Centre National d’Etudes
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ment of diffusion controlled conditions is virtually impos- ¢ ith th s of troni tivities in th
sible on Earth in our experimental configuration. It also sup- cam wi € measurements ot neutronic activiies n the

ports the validity of the effective diffusivity approach as aS”‘OE facility of the CEA-Grenoble is also gratefully ac-

tool for a physical understanding of the transport phenomenlétn()w'edgeo"

in the fluid.
APPENDIX: THE DERIVATION OF THE EFFECTIVE
DIFFUSION COEFFICIENT

IV. CONCLUDING REMARKS The expression relating the effective and true isothermal

diffusion coefficient§ Eq. (1) in the texi was first published

Our purpose in this work was to gain some insight intoin Ref. 4, but our purpose here is to propose a more elegant

the problem of natural convection perturbations in Soret coderivation, that allows a better identification of the relevant

efficients measurements. We first saw that an effective difPhysical mechanisms and of the assumptions required. To
fusivity concept, similar to the one introduced in an earlierStart with, let us consider the classical convecto-diffusive
paper for isothermal configuraticheas applicable to ther- SClute conservation equation:
modiffusion. The scaling analysis carried out indicates that 4C
the measurement error induced by convection is proportional ¢ T(V-V)C= DVZC, (A1)
to the square of the fluid velocity. We found that this effec-
tive diffusivity concept compared well with the 3D numeri- whereV stands for the fluid velocity and for the isother-
cal simulations of Henry and Roux. mal diffusion coefficient. A key step in the derivation con-
We then proceeded to a presentation of our experimentaﬁ_iStS in_ focu_sing only on the laterally a_verag_ed concentration
results from both past microgravity missiGrand the recent field, since in most experlmental_ conflg_u_ratlons, e.g. for the
EURECA flight on tin based alloys. We found that the SO_.shear cell or I.ong capillary techniques, it is t.he v.anable usgd
lutal separation, and thus the deduced Soret coefficient, wd8 the analysis procedure. Let us thus distinguish the axial
always significantly higher in space, even in systems wher@nd radial variations in the overall composition field:
solutal stabilization of the flow was certainly a factor. C(x,y,2,t)=Cy(z,t) + C1(X,Y,Z,1),
To account for such a result, we analyzed the possibility
of realizing clean, error free measurements both on the Co(z,)=(C)s,

ground and in microgravity in liquid metals or semiconduc-( ) representing the lateral average over the capillary cross
tors. Taking the worst case of manned space flights whergection. The capillary is oriented along tlzeaxis in our
the gravity level can reach 109, it appeared that convec- choice of notations. With these definitior®, can be con-
tive interference could be safely ruled out in all space experisidered as a fluctuation superimposed to the mean composi-

ments, provided that the capillary diameter did not exceed Zion C,. Let us now proceed to take the average of the three
mm. The potential of microgravity is also clear for the caseterms in Eq.(A1):

of organic mixtures and aqueous solutidis.
On the other hand, convective transport was found to be <§> _ ‘9_(:0 (A2a)
hardly avoidable on Earth, even in an optimized configura- /g at’
tion. The requirements in terms of both misalignment of the
set-up with the vertical and lateral temperature gradients ((V-V)C)S=a(<WC>S), (A2b)
were seen to be much too stiff in practice. The application of Iz
a magnetic field could be an interesting possibility to reduce 22C
the fluid velocity in liquid metals or semiconductors, but (DV2C)g=D —20,
whether purely diffusive transport conditions could be at- 9z
tained remains questionable. W standing for thez-component of the fluid velocity. The
Finally, we discussed the difference between our groundho-slip condition at the boundaries and the continuity equa-
and microgravity results in tin based alloys using Hart'stion for an incompressible fluid were invoked to derive Eg.
model for solutal stabilization of the flow. It appeared that(A2b). As for Eq.(A2c), the only assumption required is that
convective transport could never be totally eliminated, everof no solutal flux on the lateral edge8C/dn=0, with n
in systems where damping was efficient. We also showedtanding for the normal to the capillary in the,y) plane.
that the Henry and Roux numerical simulations could quali-Taking advantage of the zero net mass flux inztdrection,
tatively account for the reduced separation observed experig. (A2b) can be transformed to yieldWC)s=(WC,)s.
mentally on Earth. Equation(Al) then becomes

(A2c)
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dCy d((WCy)g) 9°Co Wstanding for the lateral average Wf. For order of mag-
St~ Doz (A3)  nitude purposes, it is certainly licit to assume that @g

gradient remains uniform in the cross section and close to
The reader should be convinced that no approximations argc./g¢,. Equation(A7) then yields

involved in the derivation of Eq(A3). The problem is that

we need to get some informations Gn to find a solution in H2\ — aC,

terms of Cy. To do so, let us substract EGA3) from Eg. D<Wcl>S:(T)W 9z (A10)
(Al). The result reads as

Reporting Eq.(A10) in Eqg. (A3), we see that our initial

aﬁ—c;1+(V~V)CO+(V~V)C1— w_ DV?C,=0. solute conservation equation becomes
z
(A4) aC 9°C
o —O_pxr =P (A11)
From now on, a few hypotheses are required; first, we shall st 9z° "

assume the convection induced perturbation of the solute
field C, to be small, such that the term&/(V)C, and  Where the effective diffusion coefficiel* is given as
d({WC)g)/dz can be considered second order compared to

(V-V)Cy=WaiC,/dz. Equation(A4) then becomes D*=D[1+(1/4)(W?H?/D?)]. (A12)
dCq dCy ) Equation(Al11) states that it is impossible to differentiate
ot "W, bvici=0. (A5 petween a convecto-diffusive and a purely diffusive transport

Due to the | durati d the | tent in th process, provided thdd is changed td*. Of course, the

Lé? ?. ef t(;ng u_lrla lon atm . Ie arge e)f[ Ein "]1_ €various assumptions made in the course of the derivation
z-t_lrec lon of the ::apl ary in %E'C? experllmetn a cof?:|gu- limit the range of applicability of such a result to the present
[a E)ns, or:_e_cgzlin a'fr? suppo?et tﬁ |r|n? I(;'a.'onf 0 tl problem. More specifically, the key step in the procedure
0 l;. negligibie with respect to the fateral derivation erms’appears to be the averaging of the composition field over the
yielding capillary cross section, which allows convection to hide in
5 dCq the pretense of accelerated diffusion.
DVCi=W —, (AB)

S 9z
V4 representing the Laplacian operator in the capillary cross
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