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Abstract—After giving a brief review of thermotransport principles, this paper describes the experimental
technique used and presents the results obtained on the ground. The author determines the solutal stability
conditions to be satisfied by the metal alloy so that ground thermotransport measurements are not
disturbed by convection effects. The benefits of microgravity when such conditions cannot be achieved are
demonstrated and the results obtained on pure Sn (isotope separation), Sn—Co, Sn—Ag and Sn-Bi during
Spacelab missions in 1983 and 1985 are presented. The results of experiments carried out without the
disturbing effect of convection are compared with those found in the literature (experiments or calculations
carried out from liquid structure models).

(R=28314Jmol ' K").
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THERMOTRANSPORT DEFINITIONS

THERMOTRANSPORT, or the Soret effect, is the process
whereby mass transport is induced by a temperature
gradient. This process leads to separation of the
liguid-phase alloy components. In a one-dimensional
geometry, Fick’s modified law is written as

X, oT
Ji=Di[aZ +SiXi5;] 1)

where T'is the absolute temperature, z the sample axis,
J; the mass flow of component i, X, the concentration
of component i, S; the Soret coefficient relating to
component i, and D, the diffusion coefficient of com-
ponent i.

In that which follows, the same, non-indexed
variables relate to the solute which is unique (log:
Naperian logarithm).

When a steady state is reached, the following values
can be defined (X being the mean concentration):

the thermotransport factor

_dlog(X/X)_
" TdlogT ’ @
the Soret coeflicient
o d log (X/X) _

o =IT: &)

the heat of transport
_dlog (X/X)

= —SRT?= —ReT
af-L

The experiments performed consisted in measuring
X/X as a function of T, and calculating the r factor,
independent of T as a first approximation.

2. DESCRIPTION OF EXPERIMENTAL SET-UP

The experiments are based on the ‘shear cell’ prin-
ciple developed by Potard for isothermotransport
measurements [1]. Its adaptation to thermotransport
experiments is described in refs. [5, 6] (see Fig. 1).

Capillories aligned
before rotction

Sheared capillaries
after rotation

FiG. 1. Design principle of the shear cell used for the thermo-
transport experiments.
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C thermotransport constant

D coefficient of mass diffusion,
(5x107°cm?s™ Y

E; Fermi energy [J]

k Boltzmann’s constant [J K~']

h distance between two infinite parallel
horizontal planes in Linden’s model
(cf. Section 4.1.1 (b)) [cm]

H distance between two infinite parallel
vertical planes in Hart’s model
(cf. Section 4.2) [cm]

g acceleration due to gravity, 981 cm s~

Grs  Grashof’s solutal number,
(¥B.(2R)*v?)(8T/dz) with y Lz at pg
Gry  Grashof’s thermal number,

(goar R2/v?)ATy in vertical
configuration at 1 g,
(yor QR Yy )(OT/0z) with y Lz at ug

J mass flow [gem™*s™ ']

K thermal diffusivity, 0.18 cm® s~

L sample length, 1.8 cm

m,, m, atomic weights of solute and
solvent [g]

0 transport heat [J mol™']

Q,.  mass or intrinsic contribution to
transport heat [J mol™']

0. electron or extrinsic contribution to

transport heat [J mol™']

solute thermotransport factor

R gas constant

R, sample radius

~

Ras  solutal Rayleigh number,
(gB./yD)R}(0X]éz)

Ra; thermal Rayleigh number,
(gor/VK)RI(OT)02)

s equivalent ion diameter [cm]

NOMENCLATURE

S Soret coefficient, r/T [K ']
S coeflicient defined in ref. [17],
(Bufa) X (1—-X)S

T absolute temperature [K]
T mean sample temperature [K]
AT  longitudinal temperature difference [K]

radial temperature difference [K]

Ve convection rate [cm s™ ']

Vy diffusion rate [cm s~ ']

Va velocity (dimensionless) normalized by
goer AT H*/v in Hart's analysis

X, X, atomic fractions of solute and solvent
X weight concentration

X mean weight concentration

Xvo:  separation coefficient defined in ref. [17]

AX  weight concentration difference

o sample axis (pointing upwards in vertical
position) [cm}

VA mean number of conduction electrons
per alloy atom.

Greek symbols
2 coefficient expressing the mass effect in
equation (20),
log (X/X) = alog T+BT+C
o thermal expansion coefficient
B coefficient expressing the electron effect
in equation (20)
B solutal coefficient, (0 — psa)/Psn
residual acceleration {cm s~ )
inclination with respect to vertical [deg]
density [gem™?]
v viscosity of liquid Sn,
wW773K)=17x10" cm?s™ "

w2

The main features are described below.

(1) Four samples of 1.5 or 2 mm diameter and
18 mm length are placed in four longitudinal holes
made in a cell consisting of six 3 mm thick disks.

(2) During the experiment, the sample, in its liquid
state, is subjected to separation by thermotransport.

(3) When a steady chemical state is obtained after
atime 1 2 3L%nD x 5.5 h [5] each sample is divided
in the liquid state into six parts by means of the
thermomechanical device [6] controlling rotation of
the cell disks.

For this type of experiment, the literature indicates

+ The method used at CENG (sample holder rotating in
the “Mélusine' irradiating reactor) enables each sample to be
irradiated with the same flux. The concentration measure-
ments are accurate to within a few thousandths to a few
hundredths depending on the elements analysed.

that the sample is generally quenched and then ana-
lysed in the solid state. In such a case, there is a risk
that the separation due to thermotransport will be
disturbed by segregation due to solidification mech-
anisms.

(4) Each of the six parts isolated by this rotation is
then analysed separately by neutron activation.t

3. GROUND EXPERIMENTS CARRIED OUT

Ground experiments were carried out with a sta-
bilizing longitudinal temperature gradient for thermal
convection (cold zone at the bottom).

The system is solute stabilizing if thermotransport
carries the heaviest element downwards (case of Sn—
Bi and Sn—Au systems) and solute destabilizing on the
contrary (cases of Sn-Ag and Sn—Co systems).
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Fi1G. 2. Temperature profiles on the ground (1 g) and in

microgravity (ug). (1) Experiments performed at 1 g in the

cell charging furnace: all alloy systems apart from Sn—Co.

(2) Experiments performed in the G.H.F. furnace : Sn—Co at
1 g all systems in ug.

Two series of experiments were conducted on the
ground :

(a) experiments on Sn—Co in zirconia cells con-
taining 18 mm long, 2 mm diameter samples and
treated in the ‘GHF’ furnace (see Section 6),

(b) experiments on other systems in graphite cells
containing 18 mm long, 1.5 mm diameter samples and
treated in the furnace used for filling the cells.

The temperature profiles of these two series of exper-
iments are shown on Fig. 2 and are applied to the
samples for a period of 24 h. The mean values of the
thermotransport factor r = [d log (X/X)]/[d log T]
are given in Table 4 and on Figs. 6-11.

A simple linear regression has been made (without
correction for change in scale) between log (X/X) and
log T as X/X and T do not vary by a factor greater
than 2.

The accuracy of the results for all analysed samples
is given in ref. [9].

In the Sn—Au system, the effect of Au concentration
on solutal stability was studied by taking measure-
ments on two sets of samples : one set of two samples
with Au content of 6 x 10~* and another set of four
samples with Au content of 6 x 1072,

Concentration measurements were taken by neu-
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tron activation for the first set of samples, and by
atomic absorption for the second, the latter technique
being feasible only when the concentration exceeds a
certain percentage.

Figure 6 gives the results obtained:

for ¥, =6x1074% r, = —0.182+0.036
for X, =6x10"% r,= —0.574+0.050.

It will be shown in Section 4.3 that the value to be
taken into account is the r, value.

A third set of two samples of Sn+ 6% Au was tested
in order to check that the duration t=5.5 h (cf.
Section 2) is sufficient to obtain a steady state.

A value of #(5.5h) = —0.574 1+ 0.022 was obtained,
to be compared with r(24 h) = —0.57440.050.

4. CONVECTION ANALYSIS OF GROUND
EXPERIMENTS

The simplest analysis consists in assuming zero
radial temperature gradients and thus reducing the
problem to consideration of just the vertical axis
dimension. A solutal Rayleigh number value is then
defined, depending on concentration, for which con-
vection becomes negligible compared to diffusion (Sec-
tion 4.1).

However, this approach is not sufficient as con-
vection can be induced by the radial temperature
gradients (Section 4.2.1).

The resultant convection can nonetheless be
reduced by solute stabilization (Hart analysis [12],
Section 4.2.2).

These three analysis stages are described in more
detail below.

4.1. One-dimensional calculation along vertical axis
[71(ATe =0)

4.1.1. Stability threshold.

(a) Solutal effect alone: the solutal Rayleigh
number Rag is written as

_9b .,
Rag =~ R} 0X]0z )
or
17).¢ 0T AT r _AT
oSG =SYT =37 ©

Table 1. Calculation of (Gr)y {or the different systems

R, AT
System (mm) (K) (Gr)r = {gurR3* (v} (AT)g
Sn—Co 1.00 2/100 0.6
Other systems 0.75 1/100 0.12
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such that

(ADR!

Ras=9=prt

B Xr. @)
A system is stabilizing for f,r < 0 and therefore for
Ras < 0. The stability condition is given by Rag <
Rag, with Rag, = 67.4 (Ostrounov solution [10]).

(b) Combined solutal and thermal effects: for a
configuration confined by two infinite horizontal
planes at a distance 4 apart, ref. [11] proposed the
following stability condition:

277t
Rds == +Rd, ®)
where
, _gB. ox ,
Ras vD 6zh ©)
,  gar 0T
RaT = ;ET EI’I4 (10)

The system is thermally stabilizing if 7/0z > 0, and
thus if Ra; > 0. By analogy with relation (8), it is
proposed to use the following expression for the
cylindrical configuration :

Rags = 67.44 Ra, (11)
in order to find the Ostrounov solution for Ra; = 0
gor oT oT
R == —— — 4 = — 4
ar ==2 = RS =212=R}. (12)
1
"2-1.
-Lar lar
2 2
¥4
>
_hH fal 3
2 2 9
) * g
dx x 2
Ox =0 or =0 i:"
o
E
2
1
2 L
1 1
—5/'/ ?H

Geometry of problem
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In the case of experiments on Sn—Co alloys, Ra; = 5
whereas, in the other experiments, Ra; = 1.

The value of the thermally stabilizing Rayleigh
number therefore has virtually no effect on the
position of the stability limit.

4.1.2. Limit between convective and diffusive regimes.
The above examples concern the Rag limit value below
which the fluid velocity is strictly zero. The Rag value
for which the convection velocity ¥, is equal to the
diffusion velocity (V4 = D/L) will be greater than this
limit value.

4.2. Two-dimensional calculation

4.2.1. Influence of radial gradients. 1t has been
shown in ref. [7] that there is always a certain ‘residual
convection velocity’ V, due to radial temperature
gradients and proportional to the radial Grashof
number defined by

3
gaTRs
VZ

Gnr =

ATy. (13)
References [13-15] propose the following expression
for a cylindrical configuration :
V.R
% = 3 x0.008(Gr)r. (14)
4.2.2. Radial temperature gradient convection damp-
ing by solutal stabilization. Hart [12] has dealt with this
problem for a configuration confined by two paraliel

vertical planes separated by a distance H (see Fig.
3). This configuration could be extrapolated to the

0.002

gy =—6.7 x 103

05

Normalized velocity field

FiG. 3. Hart’s hydrodynamic analysis [12]: thermal Rayleigh number, Ra; = garAT H*/Kv = constant ;
solutal Rayleigh number, Ras = (g8,H* 6X/0z)/Dv; V. velocity normalized by go ATgH/v.
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FiG. 4. (a) Limit of convective and diffusive regimes in

an Ras, Gr diagram: Rag = (gATR}/VDLT)BrX; Gr =

(garR3[v)ATy; 1, 2, 3, 4, points calculated from Hart’s

analysis for which V, = V. Zone I, solutal destabilizing sys-

tems: I, diffusive regime; I, convective regime. Zone II,

solutal stabilizing systems: II, diffusive regime; II, con-
vective regime.

cylindrical configuration by taking H = R, as the
characteristic distance and by multiplying the velocity
field by 3 in order to obtain relation (14) for Ras = 0.

The velocity ¥ shown on Fig. 3 is standardized by
gorATgH?*/v. Its maximum value will be considered
for the calculation of ¥V, which can be expressed in
terms of (Gr); as

v
Ve =3(Gnr(Vmax - (15)
The limit for which V, = ¥V, = D/L is such that
1 DH
(Gn)r = (16)

3(VN)max 7 Z

Thus, for the four values of Rag indicated by Hart, the
corresponding (Gr), values can be given. This leads
to the graph shown on Fig. 4 indicating the limit
separating the diffusive and convective domains.
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(b}
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regime
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log Aug
I
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74
g
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FIG. 4. (b) Separation efficiency on the ground as a function
of solutal Rayleigh number for a constant Grashof number
of Gr =0.12.

4.3. Situation of experimental points with respect to
diffusive and convective domains

4.3.1. Order of magnitude of radial temperature
gradients and corresponding Grashof numbers (Gr)y.
Radial temperature gradients in the sample are due
essentially to the different conductivities of the sample
and crucible. To minimize these gradients, and thus
limit convection effects, the following measures can
be taken:

@ choose a crucible with conductivity value close
to that of the sample: however, in such cases, prob-
lems of chemical compatibility, machining and mech-
anical strength restrict the available choice and, in any
case, the conductivities cannot be the same over the
entire temperature range studied.

@ reduce sample diameter, although, for tech-
nological reasons, it is difficult to have diameters
smaller than 2 mm for zirconia crucibles and 1.5 mm
for graphite crucibles, these being the dimensions used
in the experiments described here.

Smaller diameters referred to in the literature are for
quartz crucibles of 0.5 mm i.d. [29] (see Appendix C).
In this case, surface diffusion (edge effects) may no
longer be negligible [33].
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To (along sample axis)
7'1 (aleng sample surface) in a given section
600
°C
200
mm
R[ 18
i - - PR,
graphite \ raphite JG
—
Sample Crucible
{conductivity * A, =35 W m™ K1) {conductivity : A )
20 I
{ Zirconia crucible
15 | {Xg /N +17.5)
’ Sample radius
1.0 , As = 1mm
/
0.5 1 /
= /
& /
N -~ s Limm
'l\ 7 Sample axis
N //
/ Graphite crucible
/ (hg /A ©.35)
1.0 b Sample radius
R, =0.75mm
204

FI1G6. 5. Radial temperature deviation in the sample with respect to the ratio of sample/crucible thermal
conductivities.

A two-dimensional calculation was made to deter-
mine the radial thermal deviations ATy of the
samples: ATy varies from one end of the sample
to the other (Fig. 5) with an order of magnitude of
10~ * K for the most part. For calculation of (Gr),
a value of 2x 1072 K will be taken for Sn—Co and
102 K for the other systems (Table 1).

4.3.2. Order of magnitude of solutal Rayleigh
numbers Rag. The value of the thermotransport
factor r must be known in order to calculate Rag

(AT)R?

Ras=gmﬁ\,X". (17)

This value is also needed to determine the cor-

responding experimental point placed on Fig. 4(a), as
shown in Section 7.
However. the following cases should be noted.

(a) Case of Sn—Co solutal destabilizing system

As Rag is positive, the representative point of the
system in Fig. 4(a) must necessarily be located in the
convective zone regardless of the value of the mean
concentration X.

(b) Case of Sn—Au solutal stabilizing system

Assuming at the outset that the value of r is that
obtained for the concentration X», = 6% (r = —0.574),
the following values can be calculated :

Ras(X,) = —27
Rag(X,) = —2700.
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Table 2. Calculation of (ATg)im giving 8 component separation efficiency better than 99%

Separation parameter (ATR)ym = 1.458
(K)

System S=—{Bjar} XA -X)/T
1281 in pure Sn 7.25x 107* 107°
Au{X,=6x107*inSn 7.50x 1077 1073
Bi (X =4x10"")in Sn 2.09%x 107" 0.3
Au (X, =6x10"*)in Sn 7.50 x 107" 1

Referring to Fig. 4(a). it is found that, for the X,
content, the r measurement is affected by convection
whereas, for the X, content, it is not (thereby jus-
tifying consideration of the latter measurement of r
for calculation of Rag values).

4.4. Interpretation of ground experiments on stabil-
izing systems on the basis of Henry's three-dimen-
sional calculation results [16] (see Appendix A)

In ref. [16]. Henry studied the effect of the radial
gradient for a solutal stabilizing system. He showed
that a component separation efficiency better than
99% is obtained for ATy < ATgym. The ATy, values
are given in Table 2.

The value of ATy in the present experiments is of
the order of 10~ K. For the first two systems in the
above table, ATy > (ATR)um thereby explaining why
these systems are highly disturbed by convection,

For the last two systems given in the table,
ATy < (ATr)un thereby explaining why these systems
are not at all or only slightly disturbed by convection.

4.5. Case of systems studied in the literature

For most of these systems the mean contents are
very low (a few p.p.m.), especially because the meas-
uring technique generally uses a radioactive tracer.
Moreover, the authors often wish to study a very
diluted system in order to facilitate theoretical

interpretation. As a result, |Rag] is too small and, even
for stabilizing systems, the alloy is in the convective
zone in Fig. 4(a). This explains the dispersion and
apparent incoherency of numerous results, a point
that will be discussed in further detail in Section 8.

5. NEED TO CARRY OUT EXPERIMENTS IN
MICROGRAVITY

It has already been mentioned that the following
conditions must be satisfied in order for ground
experiments to remain unaffected by convection :

@ the system must be solutal stabilizing : in Section
8 it will be seen that this is the case for most of the
systems,

@ solutal stabilization must be sufficient, i.e.
Rag < —1077, thus implying a sufficient mean con-
centration X (e.g. several percent for the Sn-Au sys-
tem).

The possible ground experiment measurements are
therefore limited to solutal stabilizing systems in
which the concentration is only a few percent.
However, the solute solubility may not allow such a
concentration value to be obtained. Furthermore, if
the concentration is greater than 1%, the ‘diluted
alloy’ hypotheses generally used in theoretical
interpretations are not totally justified.

— ° _
g * X=gx107°
Ras = ~27 convecto-diffusive
regime
o X=gx1072
ﬁ’as » -2700 diffusive regime
0.05 -
i
o
o
=
o
-0.05 —
T K)
! 1 I i i i i }

6.45 8.5 6.55 6.60 665

tog 7

Fic. 6. Relative concentration of Au in Sn—~Au as a function of temperature for two values of solutal
Rayleigh number.
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F1G. 7. Relative concentration of *?Co in Sn—Co as a function of temperature at 1 g and in ug.

In the case of solutal destabilizing or insufficiently
stabilizing systems (solute concentration too low),
measurement of the thermotransport coefficients will
be possible only under microgravity conditions.

6. EXPERIMENTS CARRIED OUT IN
MICROGRAVITY

6.1. Experimental conditions
These experiments were performed in the G.H.F.}
during two Spacelab missions.

@ During the FSLP mission (First SpaceLab Pay-
roll) in December 1983, measurements were taken on
the Sn—Co system [7]. Thanks to the large number of
samples (24 in a total of 3 cells), satisfactory measure-
ment statistics were obtained with an accuracy of
about 1% on the results.

@ During the D1 mission (first German flight) in
November 1983, measures were taken on the fol-
lowing:

—isotopic separation of tin by thermotransport ;

—the Sn+¢Ag system for which ground results are

For all the experiments, the temperature profile is
very similar to that shown on Fig. 2. The exact values
measured for each cell are given in refs. [7-5].

6.2. Querall results obtained in microgravity

All the thermotransport coefficients measured dur-
ing the FSLP and D1 missions are given in Table 4.

Table 4 together with Figs. 7-11 indicate the accu-
racy of the results. The confidence interval at +1
standard deviation ¢ is indicated on the figures.

Compared to the FSLP results on Sn—Co (r mea-
sured to within 2%), the D1 results are less accurate
for three main reasons:

@ the experimental difficulties, as discussed in ref.
[9] and the number of systems studied were such that,
for each system, only a limited quantity of results was
available,

@ activity measurement of °°Co, originating from
$9Co, is easier than activity measurement of '"’In,
originating from ''*Sn and """"Ag originating from
1%°Ag; bismuth can be analysed only by chemical
methods with an accuracy of the order of 10%,

available ; @ but above all, the relative variation of con-
—the Sn+s¢Bi system studied elsewhere in the centrations in the temperature range studied is only a
Mephisto project. few percent for ''’Sn and '"’Ag and 30% for Bi,

@ Given the number of systems studied, only a
limited number of results are available for each
system.

References [8, 9] give details of these experimental
procedures.

In view of the limited electrical power available
[6], zirconia cells were used, each with three 2 mm
diameter, 18 mm long samples.

tThe G.H.F. furnace (Gradient Heating Facility), built
under CNES engineering responsibility, was also used for
most of our laboratory experiments in the FSLP and Dl
flights.

whereas it is 70% for Co.

6.3, Convection analysis in experiments performed in
microgravity

6.3.1. Simplified order-of-magnitude analysis [7].
The most adverse configuration is that where the
residual acceleration y is perpendicular to the z-axis
of the sample.

For such a configuration, we have [13]

V. x 2R,

= 0.008(Gr).

The Grashof limit for which V, = V, = D/L is such
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FiG. &. Relative concentration of ''2Sn in pure Sn as a function of temperature at | g and in ug.
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F1G. 11. Relative concentration of Bi in Sn—Bi as a function of temperature at | g and in ug.

that
(Gr)im = 0.4.

Thermal convection. The Grashof number is defined
by

_yR)* 0T _

(Gn)r = 3

v oz 9.

Solutal convection. The Grashof number is defined
by

_B@R) ox X rXoT
(Gn)s =7 2 Wlthg—-fg,

Thus

(Gny o

(Gns _prX
7

This ratio is found to vary from 3x10~* (Sn-Ag
system) to 0.2 (Sn-Bi) in these experiments. In all
cases, therefore, (Gr)s « (Gr)t.

It then suffices to calculate (Gr)r. Now, v is of the
order of 10~ ¢ g [31].

Thus

(Gr)r =9y =102

and this value is less than (Gr)u. = 0.4 calculated
above.

Table 3. Separation efficiency as a function of residual acceleration 7

This analysis shows that V, « ¥ or, in other words,
the results obtained in microgravity were not sig-
nificantly disturbed by residual convection.

6.3.2. Analysis on the basis of three-dimensional
numerical calculations by Henry [16]. Appendix B
gives details of the application of these calculations to
these experiments. They are summarized in Table 3.

These results are obtained in the most adverse case :
residual acceleration perpendicular to the sample axis.

With the continuous component of y being of the
order of 10~ ¢ g, the separation efficiency is equal to 1,
thus confirming the results obtained by the simplified
analysis described in the above section.

7. COMPARISON OF GROUND AND
MICROGRAVITY RESULTS

The results clearly indicate that, for all the systems
studied, the relative variation in concentration as a
function of temperature is greater in ug than at 1 g.

The position of representative points of ground
experiments on the diagram (Grashof, solutal
Rayleigh number) is shown on Fig. 4(a).

As r,, is known, the solutal Rayleigh number cor-
responding to the ground experiments can be cal-
culated (see Table 4).

For Au in Sn—Au. as no microgravity measurement
results are available, the r value obtained for Sn +6%

Residual acceleration, y
(g=981cms™?)

«107%g 107 %g 107" ¢

Separation efficiency :
measured separation
separation without convection

1 0.95 0.20




Rag solutal Rayleigh number at 1 g

Table 4. Measurement of the thermal factor r = (d log (X/X))/(d log T) on the ground and in microgravity. Calculation of the associated solutal Rayleigh number
Thermal factor

HNT 32:12-M

N — experiments (except Sn +6% Au of course) are
5 & a8 7 located in the domain on the (Rar, Ras) diagram of
Sl g © e~ < Fig. 4(a) where convection contributes to the trans-
port process. Table 4 shows that the ratio ry,/r,,
reflecting the separation efficiency on the ground,
- increases with | Rag|.
8 = By plotting the r,/r,, values obtained for Gr =
D . . 4 .. «
> 0.12, Fig. 4(b) is obtained, giving the separation
525 | o - 58 efficiency as a function of Ras:
<+ = o (o] —
C—;’ X ? ' Rl T riglr, =0 for Rag > 10? (convective regime)
o 02
NS 3 2
" Qc:" 0<ryjr,<1 for —10° < Ras < 10
< (convecto-diffusive regime)
Figlry =1 for Rag < —10° (diffusive regime).
£ In all cases, the isotopic separation of Sn itself has a
K é stabilizing effect that is difficult to quantify, and to
§§ Slevrey é s 5 5 5 w%nch are added the other effects, stabilizing or other-
Ekn | x 2228 ¥ X X X wise.
° 2 < < o [RY-TE
5o
=™
8. COMPARISON OF EXPERIMENTAL
s RESULTS WITH THE THEORIES OF TRANSPORT
= ;\ BY THERMOTRANSPORT
B8 L | Q e en )
B 2 ? g § § § § o2 = g 8.1. Summary of general principles 3]
A §$ b The theories interpret thermotransport either by
Q'l: phenomenological models (analogy with evapora-
tion—condensation processes), or by kinetic models.
. Of the latter, the model proposed by Bhat and

g.; 2 ow? 9 2 2 Swalin [25] expresses the heat of transport
Gy | HOHHH +l 3] +H dlog(X/X
”Sg %F\'RR 2 z§§:’% Q=mg(l/ )=—RrT @)

8 dl —
E RT
in the form
> ,

G sessssczss e Q=0 +Q.=AT+BT*  (1§)
m; |3 HA E' L.'E' ;' (;'% 5' .;E' 2 where Q,, = AT is the intrinsic contribution resulting
= § =2 T s from collisions between ions and Q, = BT? the elec-

g tron contribution resulting from interactions between
- conduction electrons and alloying elements.
g Leta = —4/Rand f = — B/R, then
s B 5
= d log (X/X)

S| & _ & = = g4 BT (19)

Es|P pBRRABs ssAa|8 d(log T)
o= —— . . . .
5 > e Ex 2R 2 q‘g and by integrating equation (19) we have
L0 —
< -
p= ; log (X/X) = alog T+ BT+C. (20)
§ The coefficient « expresses the mass effect and is cal-
° culated from Chapman and Cowling’s formula [32]
Q
of o whep = b m,—m s?
$9e<T T I &3 a=—C|}~'——2—+0.2x1<T'—1>
£|5 5e85 44 & 53 vk iz
g|g 868 88 € g|s& 2
Sloeppsi 2 8% ~025(-1)] e
S Tz gz 2 2 12
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Au can be taken. All the representative points of these
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where m,, m, are the atomic weights of solute and
solvent, x,, x, the atomic fractions of solute and
solvent, s,, s, the equivalent ion diameters, and
$12 = {8,+5,)/2 the rigid spheres model. The value of
C depends on interactions between atoms and, as a
first approximation can be considered to be inde-
pendent of atomic weight and valency [25]. The
coefficient B expresses the electron effect.

For a low concentration (<1%) of solute (1) in
solvent (2), ref. [2] gives

P2Er— P18y
P2

Z 0k T?
R 3E;

B= (22)

where Z is the mean number of conduction elec-
trons per alloy atom, R the gas constant, k
Boltzmann’s constant (per atom), E, the Fermi
energy, p,, p, the electrical resistivities, and ¢ =
— (6 log p;)/(6 log E)ig,.

Note on the solutal stability of binary systems. In
general, the electron effect is weak compared to the
mass effect and r has the same sign as (m,—m,) (see
equation {21)). In addition f = (p,—p,)/p, and the
solutal Rayleigh number is the sign of fr (cf. Section
4.1.1).

Most of the systems have physical properties such
that (m, —m,) and (p, - p,) have the same sign (and
thus Ras < 0), or in other words, solutal stabilizing.
Sn-Co or Sn—Ag systems are exceptions to the rule in
this respect.

8.2. Comparison of measurements with the formulation
in Section 8.1

8.2.1. Measurements concerning ''*Sn. Measure-
ments of ''2Sn in pure Sn, in Sn-Ag and in Sn—Co
are consistent (see Table 4). These measurements are
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particularly interesting for the modelling procedure
described in Section 8.1 as the electron effect is zero
for isotopes and the intrinsic effect (cf. equation (21))
reduces to

my—m,
o e

: 21
P @)

re=g= —
The C value corresponding to the measured r value
(7T7+£8)x 107 %is

C = 2.66+0.26.

The € value can be used to calculate the values of «
for other elements by means of equation (21"). This
value of C = 2.66 should be compared to:

C = 5.4 proposed by Rabinovitch [21] for different
isotope mixtures and used by Balourdet
2}

C = 2.2 proposed by Bhat and Swalin [25].

The latter value is the average of five close values
calculated from experimental results of alloy isotope
separation as detailed in Table 5.

It should be noted that refs. [19, 20] indicate that
the experiments were performed in 0.6 mm diameter
quartz tubes, i.e. under the best possible conditions for
minimizing radial temperature gradients (cf. Section
4.3.1).

8.2.2. Measurements concerning the other systems.
The experimental results were processed by linear
regression between log (X/X) and log 7, with the
assumption that the electron effect is negligible com-
pared to the intrinsic contribution for these systems
(equation (19)), at least in the temperature range con-
sidered.

Table 6 shows that, for '°’Ag, '*’Au and *“°Bi,
there is good agreement between the r values cal-

Table 5. C values deduced from measurements on various isotope mixtures

Atom weight  Sample diameter
Metal (g (mm) C References
Li (6-7) 7 2.0 203 18]
K (39-41) 39 0.6 1.93 {19]
Rb (85-87) §5.5 0.6 2.54 [19]
Ga (69-71) 69.7 0.6 2.38 {19]
In (113-115) 114.8 0.6 2.11 [20]

Table 6, Comparison of r values measured under convection-free conditions and values
calculated with C = 2.66

Calculated value of r = o

Measured value of

Solute equation (21) with C =2.66 r=dlog(X/X)/d(log T) Measurement
*Co 1056 % 103 (1860+40) x 10~* ug
190 196 x 107 (175+45) x 103 ug
A —~574% 1073 (5744 50) x 10~ lg
2098 —768x 1073 (758 +£66) x 103 ug
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culated in this way and the measured r values and
therefore gives reasonable confirmation, at least for
these three systems, to:

@ the hypothesis in which the electron con-
tribution is negligible compared to the intrinsic con-
tribution,

@ the validity of formula (21), used with the C
value deduced from isotope measurements.

8.2.3. Particular case of the Sn~Co system [7]. For
this system, microgravity experimental results were
available from six samples. The accuracy on relative
concentration is of the order of 1%, while temperature
measurements are accurate to within +10°C. A slight
curvature can be discerned on Fig. 7, probably due to
the electron contribution (8 > 0).

However, results over a much wider temperature
range would be necessary in order to calculate « and
B with reasonable accuracy [30].

Thus, in spite of the accuracy of the results (indeed,
to the author’s knowledge, the most accurate found
in the literature on this system), it is not possible to
determine which of the following reasons is valid for
explaining the difference between the calculated value
and the measured value of r:

@ non-negligible electron contribution compared
to the mass contribution,

@ forasystem including a transition element (Co),
non-validity of equation (21) with respect to specific
structural factors,

@ or a combination of both causes.

8.2.4. Measurements given in the literature. Appen-
dix C includes a table of measurements of transport
heat @ made on 32 systems [§8]. These are compared
to the mass contribution Q,, calculated according to
formula (21).

When atomic weights differ by more than 10%, as
is the case for most of the systems quoted, the electron
contribution must be negligible compared to Q,, and
the measured Q value must be close to Q,,. Now this
is the case only for Ag-Au [24], Au-Ag [29] and K-
Na [29]. In some cases, even the direction of solute
migration (given by the sign of @) is not the same
between experimental findings and calculations.

The measurement can be disturbed by at least three
artefacts described hereafter.

(1) The solute, or a compound formed between
solute and solvent, may not be completely dissolved
and may concentrate, by sedimentation, at the top or
bottom of the sample. In some of the preliminary
experiments described here, on Sn—Co, the undis-
solved compounds of CoSn and CoSn, sedimented in
the cold zone, leading to false measurements of Co
concentration in this zone. This fact might explain
such results as those described in ref. [22].

(2) In most of the experiments listed, samples were
not taken in the liquid state and the temperature hold-
ing period is terminated by ‘quenching’. A solidification-
linked segregation profile may then be superimposed
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on that due to thermotransport. This effect was
observed in certain of the present author’s exper-
iments, where the shearing system did not work.

(3) Even if all the precautions are taken to avoid
the artefacts described above, convection may still
disturb the partial or total diffusion, as explained in
preceding sections.

Most authors indicate a mean value of Q independent
of temperature.

The electron contribution values are generally esti-
mated by determining the difference between the mea-
sured @ value (with all the risks of error described
above), and the Q,, value calculated according to
equation (21) (which is not necessarily satisfied for all
systems).

For the Sn-Ag system, Balourdet et al. [3]
attempted to interpret their results (concerning 21
experiments) according to equation (18). However,
their measurements were disturbed by convection, as
shown in Section 7.

Regardless of the method used for deducing the
electron contribution in experimental results, the
value obtained has a very low reliability level, at best
of the order of magnitude Q.. Under these conditions,
it would therefore seem illusory to use this value as a
basis for confirming the theories enabling Q. to be
calculated from the physical properties of the elements
(equation (22)).

Moreover, these theories call for complex models
[4] and, in the Q, calculation, require the introduction
of parameters that are difficult to measure, such as
partial structure factors or pseudopotentials [3].

In order to have any chance of separating the elec-
tron effects from the mass effects, reliable measure-
ments will have to be available, undisturbed by con-
vection (and thus possibly obtained in microgravity)
and over a wide temperature range.

9. CONCLUSIONS

It has been shown that the experimental conditions
to be obtained on the ground to carry out thermo-
transport measurements without convection distur-
bance, can be determined by convection analysis of
a given metallic system.

If these conditions cannot be satisfied, the only way
to obtain correct measurements is in microgravity.
The most immediate benefit of these measurements is
that they can be taken into account in solidification
models. In such a case, it is sufficient to know the heat
of transport to within a few percent in the effective
temperature range.

From a more fundamental point of view, if these
measurements were to be used to confirm a particular
theory on transport mechanisms, then it will be necess-
ary to choose systems with well-known physical and
thermodynamic parameters and to be able to conduct
accurate measurements over an extensive temperature
range.
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Finally, for a more applied purpose, it would be
possible to consider using thermotransport in micro-
gravity in order to separate certain isotopes.
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APPENDIX A

This appendix examines the application of Henry's con-
vection analysis [16] to the ground experiments performed.
Chapter VI of ref. [16] proposes a three-dimensional con-
vection study in relation to the inclination § of the sample
axis with respect to the vertical.

ATy corresponding to & is given by

R,
ATy = AT’“‘"“‘vLi sind =0.148 (Jin deg)
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where S is the separation parameter defined by

B.

23

5= )?(1—,\")-;‘

From this expression, a separation efficiency better than 99%
is obtained for § < 108 (8 in deg) or ATR(K) < 1.45S.

APPENDIX B

This appendix examines the application of Henry’s con-
vection analysis [16] to the microgravity experiments per-
formed. Reference [17] will need to be consulted in order to
gain a proper understanding to this appendix, the notations
used from this reference being underlined when they do not
have the same meaning as in the present text.

The following definitions are thus made:

measured separation
separation without convection

X, = separation efficiency =
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(characteristic distance is R, and not 2R, as in Section 6.3.1)

s=Pra-g), s=Pra_n’
- oy oy T
or = 0.85x 10~ K~

T="750K.

For § values of the order of 10710~ reference can be
made to Figs. 4, 5 and 17 with § = 0. For Sn-Bi, it is con-
sidered that § = 0.2.

For the Pr = 0.6 charts of ref. [17], there is no temperature
field deformation. There is even less likelihood of tem-
perature field deformation for the experiments described here
{Pr = 0.01) and the charts for Pr = 0.6 can be validly used.

The charts included in ref. [17] are given for Se = 60. In
the experiments treated here, Sc = 34. It would therefore be
best to refer to a ‘transformed’ Gr value on the charts

Gr,. = 34/60Gr.

A value for X, can be determined for a shape factor 4Z = 6
on the basis of Fig. 4 or Fig. 5. To calculate X, for

wRY AT the present experiments (4Z = 18), ref. [17] must be used
Gr = T‘ - Fy = .55y together with formula (9). This leads to Table B2.
Table Bl
System r B. X §=—157B,X
Co in Sn~Co 1860 x 10~ 0.29 4x 1071 —~338x 1073
128 in pure Sn 77x 1073 —0.06 102 7.25x 1074
"Ag in Sn-Ag 175x10~° 0.33 4x10-* —3.62x10"*
29%B; in Sn—Bi —758% 103 044  4x107? 2.09x 107!
Table B2. Separation efficiency (X.,) for different systems
Systems for which § ~ 0
(Sn—Co, pure Sn, Sn-Ag) Sn—Bi system for which § = 0.2
Koot Xn [17] Koot Koot Xy [17] Koot
Y Gr Gr,, (AZ=6) (4Z=6) (4Z=18) (AZ=6) (4Z=06) (AZ=18)
{ ) 0.055 0.030 1 1 1 i 1 1
10~3%g 0.55 0.30 0.97 0.96 0.96 0.95 0.94 0.94
10-% 5.50 3.00 0.33 0.17 0.22 0.32 0.16 0.21
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APPENDIX C

Sample  Temperature
Reference  diameter gradient
Solvent  Solute (year) (mm) (Kem™1)
""Sn ¢°Co 22 (1968) I 40
®3Nj 22 (1968) 1 45
10Ag 3 (1976) 1.5 100
"In 3(1976) 1.5 100
1248h 3 (1976) 1.5 100
18Ag 33§ 24 (1970) 0.75 15
*Co 26 (1972) 0.75 20
125gh 24 (1970) 0.75 15
1%5Au 24 (1970) 0.75 5
2Cd %°Co 22 (1968) 1 40
&3Ni 22 (1968) I 45
$5Zn 27 (1972) 100
"%Ag 27 (1972) 100
1258h 27 (1972) 100
2047 27 (1972) 90
T *Co 22 (1968) ! 40
SINi 22 (1968) 1 45
®Zn 23 (1970) 0.7 70
'In 23 (1970) 0.7 60
121Sn 23 (1970) 0.7 60
209B; 23 (1970) 0.7 60
21%pp 23 (1970) 0.7 60
209B; Co 22 (1968) 1 40
**Ni 22 (1968) 1 45
207pp  ¢Co 22 (1968) 1 40
®3Ni 22 (1968) 1 45
"*In Co 22 (1968) 1 40
©3Ni 22 (1968) 1 30
'%Te  %Co 22 (1968) 1 20
63Ni 22 (1968) 1 45
27Al ¢'Cu 28 (1973) 1.3 50
AU '%Ag 25 (1972) 0.75
22Na 2K 29 (1974) 0.5 IS
86Rb 29 (1974) 0.5 15
2K 2Na 29 (1974) 0.5 15
®Rb **Na 29 (1974) 0.5 15

tSolutal effect : st, stabilizing, fir < 0, Rag < 0 dest, destabilizing, fr > 0, Rag > 0.

10, is calculated according to equation (18).
§ Q.. is given in the corresponding bibliographical reference.
Note: for Q > 0 (corresponding to r < 0, see Section 1), the solute moves towards the cold zone, i.e. towards the bottom
in the thermally-stabilizing vertical configuration.

Table C1. Bibliographical review of thermotransport measurements

Calculated heat

Measured
temperature of transport Measured heat
range Solutal (mass effect alone)i of transport§
(°C) effectt @, (calmol™') Q. (calmol ')
250410 dest —1190 1960
400-800 dest —1110 1380
450 dest —190 —84
450 ? —60 —68
450 dest 90 —68
1200-1300 st —3220 —29000
1250-1350 st —2110 — 8400
1200-1300 dest 720 —6700
1200-1300 st 1930 1690
250450 ? —1220 1230
350-800 ? —1130 1390
540 st —1030 360
450-500 dest —80 1750
540 dest 260 2760
450-500 st 1080 1000
250-410 st —2150 3100
600-800 st —3080 1150
550650 st —1980 824
450-500 st -980 1090
450 st —920 860
450 st 70 — 1500
350-500 ? 70 671
250-450 st —1930 1560
250-800 st — 1860 1800
300-450 st — 1900 2580
300-800 st — 1840 10250
250410 dest ~1130 1820
700-800 dest —1517 2320
380460 st ~1340 5750
400-800 st -~ 1270 1150
700-800 st 1810 4850
965-1065 st — 1640 —1230
150-250 dest 1056 <0
150-250 st 1452 1070
150-250 st — 1044 - 1080
150-250

INTERET DE LA MICROGRAVITE POUR LA MESURE DES COEFFICIENTS DE

THERMODIFFUSION DANS LES ALLIAGES METALLIQUES LIQUIDES

Résumé-—Aprés un rappel sur la thermodiffusion, on décrit la technique expérimentale utilisée et on présente
les résultats obtenus au sol. On détermine les conditions de stabilité solutale auxquelles un alliage métallique
doit satisfaire pour que les mesures de thermodiffusion au sol ne soient pas perturbées par la convection.
On montre Pintérét de la microgravité lorsque ces conditions ne peuvent étre remplies et on présente les
résultats obtenus lors des missions Spacelab de 1983 et 1985 pour Sn pur (séparation isotopique), Sn—Co,
Sn-Ag et Sn-Bi. Les résultats des expériences non perturbées par la convection sont comparés & ceux de

Ia littérature (expériences ou calculs effectués a partir de modéles sur la structure des liquides).
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DER NUTZEN DER MIKROGRAVITATION BEI DER MESSUNG DES
THERMODIFFUSIONS-KOEFFIZIENTEN IN FLUSSIGEN METALLISCHEN LEGIERUNGEN

Zusammenfassung—Nach einem kurzen Uberblick iiber die Grundlagen der Thermodiffusion werden die
Versuchstechnik und die Ergebnisse von terrestrisch ausgefiihrten Experimenten beschrieben. Es werden
Stabilitdtsbedingungen angegeben, die erfiillt werden miissen, wenn terrestrisch ausgefithrte Messungen
der Thermodiffusion nicht durch Konvektionseffekte gestort werden sollen. Der Nutzen der Mikro-
gravitation wird fur Fiille demonstriert, in denen diese Bedingungen nicht erfiillt werden kénnen. Es werden
die wihrend der SPACELAB-Missionen 1983 und 1985 erhaltenen Ergebnisse fiir reines Sn (Iso-
tropentrennung), Sn—Co, Sn—Ag and Sn-Bi présentiert. Die Ergebnisse der Experimente, die ohne den
stérenden EinfluB der Konvektion ausgefithrt wurden, werden mit in der Literatur gefundenen Werten
verglichen (aus Experimenten oder Berechnungen fiir Fliissigkeits-Struktur-Modelle).

NPEMMVYIECTBA MHKPOT'PABUTALIMHY NMTPH UBMEPEHHMHM KO3®OUIIUEHTOB
TETUIONIEPEHOCA B XUJIKUX METAJINIMYECKHUX CILJIABAX

Ammorayms—ITocite kpaTROro 063opa 3aK0OHOB TEILIONEPEHOCA ONMCAH MCIOJB3YeMBIll IKCIEPHMEHTA-
JLHEI METOX B OpEACTABJIEHH PE3YNbTATH, MONYYEHHBE B 3eMHBIX yciouax. Ipeamonaraercs, uro
METAIUTHYECKHIl CIUIaB YAOBJIETBOPACT YCJIOBHAM PacTBOPHEMOCTH, H IOITOMY H3MEPEHHA TeIUIonepe-
HOCa B 3¢MHBIX YCJIOBHAX HE HAPYIIAIOTCA H3-3a koHpekimH. [ToxaszaHi mpeHMyLlecTBa MEKDOTPaBHTA-
IMA B CIIy4YasiX, KOT[a JAHHBIC YCIIOBHA HEJOCTHAHMEI, H MPEACTABICHH PE3Y/ILTATH, MOJYCHHEE HA
9HCTHIX Sn (pasnaenenne u3oronos), Sn—Co, Sn—Ag u Sn—Bi npu Hccnenosanuax B kocMoce B 1983 u 1985
IT. Pe3y/IbTaThi 3KCIIEPHMEHTOB, NPOBCACHHLIX IPA OTCYTCTBAH BO3MYIIAIOWIEro >¢xpexta KOHBEXIHH,
CPaBHHBAIOTCH ¢ HMEIOMAMHCA B JHTEPAType JaHHBIMH (IXCIIEPAMEHTOB HJIH PACYETOB, BLINOIHECHHBIX
[0 MOIENAM KHAKHX CTPYKTYD).

2401



