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Abstract. With the aim of providing reliable benchmark values, we have measured the Soret, thermodiffu-
sion and molecular diffusion coefficients for the ternary mixture formed by 1,2,3,4-tetrahydronaphthalene,
isobutylbenzene and n-dodecane for a mass fraction of 0.8-0.1-0.1 and at a temperature of 25°C. The
experimental techniques used by the six participating laboratories are Optical Digital Interferometry, Tay-
lor Dispersion technique, Open Ended Capillary, Optical Beam Deflection, Thermogravitational technique
and Sliding Symmetric Tubes technique in ground conditions and Selectable Optical Diagnostic Instrument
(SODI) in microgravity conditions. The measurements obtained in the SODI installation have been ana-
lyzed independently by four laboratories. Benchmark values are proposed for the thermodiffusion and Soret
coefficients and for the eigenvalues of the diffusion matrix in ground conditions, and for Soret coefficients

in microgravity conditions.

1 Introduction

Transport properties play an important role in many nat-
ural and technological processes and for the fundamen-
tal understanding of the behaviour of liquids. Even to-
day the Soret effect, a cross effect between temperature
and concentration gradients, is poorly understood in mul-
ticomponent mixtures. The mass diffusion flux, J;, can
be induced by both a temperature and a concentration
gradient. Considering the linear laws of irreversible ther-
modynamics, the mass flux equations for components 1
and 2 in a ternary mixture may be written as [1]

J1 = —pD11V61 — pDuVCg — pDaﬂ71VT, (1)
JQ = 7pD21V61 - pDQQVCQ - pDr/nzVT, (2)
* Contribution to the Topical Issue “Thermal mnon-

equilibrium phenomena in multi-component fluids” edited by
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where p is the density of the mixture, D11, Dy2, D21 and
Day are the molecular diffusion coefficients and D7 ; and
D, are the thermodiffusion coefficients. The third mass
diffusion flux, Js, is defined from the condition that the
fluxes of all the components must sum to zero. In station-
ary state, we can define the Soret coefficient for compo-
nents 1 and 2, Sp,, S7,, as [2]

5“71D22 - D,TQDH
D11D23 — D13Dy;
Di o D11 — Dip 1 Doy
5%72 == - — - (3)
D11Dyy — D12Do2y

The Soret effect appears in many different processes, both
natural and technological, of many different fields, such as
biology [3] or food industry [4]. In particular, it is of high
interest for the oil industry [5], where these data can be
used to predict the initial state of oil reservoirs [6,7].
Binary mixtures have been widely studied and there
are several works that show both numerical and experi-
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mental analysis [8-13] that enable the determination of
the transport coefficients. The performance of the known
Benchmark of Fontainebleau [14-19] came as a great
progress. In that work, five groups determined indepen-
dently the transport coefficients for the three binary mix-
tures of 1,2,3,4-tetrahydronaphthalene (tetralin), isobutyl-
benzene and n-dodecane for the mass concentration of
50% at the temperature of 25°C, validating therefore
the techniques and establishing reference values for future
works.

But the liquids appearing in nature and in industrial
applications usually contain more than just two compo-
nents and the research focus has shifted to multicompo-
nent systems. Fundamental research in ternary mixtures
is needed before going to more complex mixtures. We have
to point out that, due to the complexity of the problem,
up to now there is no unified theory, as it can be seen, for
example, in the differences between the theoretical models
proposed by Firoozabadi [20], Kempers [21] and Larre [22].
Moreover, there are some tentative efforts to develop pre-
diction models based on non-equilibrium thermodynam-
ics or on molecular dynamics [23], but they cannot yet
be validated. All this necessitates the establishment of a
database of reliable experimental results that enables a
test of the prediction models and, therefore, the theory.

By the time, some works that provide experimental
data in ternary mixtures have been published, but they
are very limited and the values given are not always com-
parable [24-30], so the dispersion in the results is quite
high. Thus, it was necessary to coordinate all the exper-
imental teams in order to analyse the same system us-
ing different techniques with the aim of comparing and
evaluating the obtained results. With this purpose, this
benchmark has been promoted in the framework of the
project DCMIX jointly sponsored by the European Space
Agency (ESA) and the Russian space agency Roscosmos,
for comparing not only the results obtained in ground lab-
oratories, but also the results obtained by the SODI in-
stallation, on board the International Space Station (ISS)
under microgravity conditions.

During the workshop held at Mondragon Unibertsi-
tatea, Mondragon (Spain), in October of 2013, the teams
participating in the project DCMIX agreed to carry out
the first benchmark for ternary mixtures. The chosen mix-
ture is formed by tetrahydronaphtalene (THN), isobutyl-
benzene (IBB) and n-dodecane (nCiz) at mass fractions
of 0.8-0.1-0.1 and at 25 °C. After individual investigations,
the results obtained by each team were compared and dis-
cussed during the 11th International Meeting on Ther-
modiffusion (IMT11) held in Bayonne, in June of 2014.
The participating teams in this Benchmark are:

— Team headed by W. Koéhler (WK), from Universitét
Bayreuth, Germany.

— Team headed by V. Shevtsova (VS), from Université
Libre de Bruxelles (ULB), Belgium.

— Team headed by S. Van Vaerenbergh (SVV), from Uni-
versité Libre de Bruxelles (ULB), Belgium.
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— Team headed by Z. Saghir (ZS), from Ryerson Univer-
sity, Canada.

— Team headed by T. Lyubimova (RAS), from Russian
Academy of Science (RAS), Russia.

— Team headed by M.M. Bou-Ali (MBA), from Mon-
dragon Goi Eskola Politeknikoa (MGEP), Spain.

In this work, the obtained results and conclusions are
shown, in order to be the reference for future techniques
and measurements, as well as for the setting and the devel-
opment of new prediction models based on the molecular
dynamics or on the non-equilibrium thermodynamics.

2 Experimental techniques

The investigated mixture is formed by THN (purity 98+%),
IBB (purity 99%) and nCiz (purity 99%), at the mass
fraction of 80% of THN, 10% of IBB and 10% of nCis, at
the temperature of 25°C.

The thermodiffusion and Soret coefficients are related
through the four isothermal diffusion coefficients that con-
stitute the diffusion matrix, so the determination of the
former allows one to find the latter and vice versa. On
the one hand, eq. (3) is used to determine Soret coeffi-
cients from the independent experimental measurements
of thermodiffusion and molecular diffusion coefficients. On
the other hand, in order to determine the thermodiffusion
coefficients from the independent experimental measure-
ments of the molecular diffusion and Soret coefficients, the
following expressions have been used:

Dy = D115y + D125 5,
Dip o = D1 Sy 1 + Doy St . (4)

The eigenvalues of the diffusion matrix are given by the
following formulas [28]:

D D11 + Dy — /(D11 — Da3)? 4+ 4D12 Doy
1= )
2
Do — D11 4 Dag + /(D11 — Da2)? 4 4D12 Doy
2 = 5 . (6)

In the case of the thermodiffusion and Soret coefficients,
the results shown are for components 1 and 3, that is, for
THN and nCis. As these two components have the high-
est difference in density and refractive index, the accuracy
reached in the analysis of their coefficients is expected to
be higher. In order to compare the coefficients correspond-
ing to these two components, the relationships shown in
eq. (7) and eq. (8) have been used. These relationships can
be easily deduced from the requirement that the sum of
the concentrations of the three components in a ternary
mixture must be unity:

St1 4 Sro+Srs=0, (7)
D/T,l + D/T,Q + Dé’,s =0. (8)

(5)

In the case of molecular diffusion, the values of coefficients
depend on the order of the components. In this work,
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the components are ordered in decreasing density, that
is, THN-IBB-nCjs. In order to compare the results of the
different teams, the following equations can be used. They
enable the transformation of the coefficients from one or-
der of components to another one, as can be seen for the
case where components 2 and 3 are permuted [26]:

D7, = D11 — Dq2, 9)
D7y = —Dsa, (10)
D5, = Day + D13 — Doy — Diy, (11)

D;2 = D22 -+ Dlg. (12)
The detailed descriptions of the different techniques and
analysis methods used can be found in the six papers that
are accompanied by this summary paper and are written
by the participating teams. In the present work, the tech-
niques used by each team to measure the coefficients in
ground conditions and the analysis carried out to obtain
the results measured in microgravity conditions are briefly
described. Finally, the results proposed as benchmark val-
ues are shown.

2.1 Ground conditions

— The team of WK (Universitdt Bayreuth) has employed
two-colour Optical Beam Deflection (OBD) to measure
the Soret and thermodiffusion coefficients of the three
compounds. Similar to the ODI method employed in Brus-
sels and on board the ISS, this method relies on the dif-
ferent refractive index dispersions of the individual com-
ponents of the mixture. The concentration changes of the
two independent components in the mixture are deter-
mined from the refractive index gradients in a Soret cell
measured at two different wavelengths. In order to take
advantage of the strong dispersion near the UV absorp-
tion of aromatic m-electron systems, a blue wavelength of
405nm has been employed in addition to the red laser
at 635nm. By this, it has been possible to obtain a con-
trast factor matrix with a condition number of 50, which
greatly facilitates its necessary inversion. The Soret co-
efficients are determined from the asymptotic stationary
amplitudes of the measured transient beam deflections.

— The team of VS (Université Libre de Bruxelles) used
the Optical Digital Interferometry (ODI) technique to de-
termine the Soret coefficients and the Taylor Dispersion
Technique (TDT) to determine the molecular diffusion co-
efficients. A Mach-Zehnder interferometer was used to ex-
amine the separation in a Soret cell with a diffusion path of
the same order of magnitude as for the space experiment.
Laser diodes of 670 and 925 nm wavelength were used as
sources of coherent light. Although the choice of wave-
lengths was not optimal (the condition number of matrix
of contrast factors is around 240 [31]), it was intentionally
made to be as close as possible to the space instrument.
Experiments with different laser light sources have been
carried out individually and were repeated 3 times for each
laser. The ODI technique enables tracing of the concen-
tration along the entire diffusion path, thus providing an
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extended amount of data to be fitted to the full analyt-
ical model of the separation process. To characterize the
diffusion matrix by Taylor Dispersion Technique (see de-
scription of instrument in [27]), small injections of three
different concentrations have been made into the laminar
flow of the carrier solution created in a thin long capil-
lary. The concentration of diffused injected samples as a
function of time was monitored at the end of the capillary
by a high-sensitivity differential refractometer operating
at near infra-red. The injection of each particular concen-
tration was also repeated 3-4 times.

— The team of SVV (Université Libre de Bruxelles)
used the Open Ended Capillary (OEC) technique to de-
termine the molecular diffusion coefficients. In the OEC,
a concentration difference is created between a solution
contained in capillary tubes and a solution contained in
a bath. The liquid of different tubes is sampled over time
and their composition is measured ez situ. Concentration
measurements have been performed by "H-NMR. The dif-
fusion coefficients are determined by fitting the measured
composition evolution. For the results presented here, the
precision on the estimated coefficients was improved by
fitting simultaneously the data collected in two indepen-
dent experiments.

— The team of MBA (Mondragon Goi Eskola Politekni-
koa) used the thermogravitational technique (TG) [24] to
determine the thermodiffusion coefficients from the vari-
ation of the concentration with the height of the column
and the Sliding Symmetric Tubes (SST) [25] to determine
the molecular diffusion coefficients from the variation of
the concentration with time. Soret coefficients have been
determined by eq. (3), from the measurements of ther-
modiffusion and molecular diffusion coefficients.

2.2 Microgravity conditions

The Selectable Optical Diagnostic Instrument known
(SODI) has successfully been in operation on board the
International Space Station since 2009 [32]. The current
SODI configuration represents two optical modules ac-
commodating Mach-Zehnder interferometers, suitable for
accurate monitoring of refractive index inside transparent
test objects [29,33]. One module holds a single-wavelength
interferometer, another one features a two-wavelength in-
terferometer with 670 and 935nm lasers light sources.
The latter module is equipped with a lateral transla-
tional stage that allows for monitoring of spatially sep-
arated cells combined in the so-called cell array. While
most parts of the apparatus are fixed for each particular
experiment, the cell array with the liquid samples can be
changed from one experiment to another. The experiment
DCMIX comprises a cell array consisting of 5 cells with
ternary solutions (to be monitored by 2-wavelength mov-
ing optical module) and one reference binary cell (to be
monitored by fixed 1-wavelength module). The cell array
filled with the mixtures under investigation is the only
part that needs to be uploaded to the ISS prior to the
start of the experiments. The first experiment in the se-
ries, DCMIX-1, was targeting the THN-IBB-nCi5 system.
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In all DCMIX experiments the mixtures are contained in
a 10mm x 10 mm x 5 mm cell. The mixture chosen for the
benchmark was contained in cell #3 of the cell array.

Four teams have independently determined the Soret
coefficients from the experiments carried out in the SODI
installation. In all cases, the same contrast factors mea-
sured in ref. [31] have been used. The teams that have
determined the Soret coefficients in microgravity condi-
tions are

Team of VS (Université Libre de Bruxelles)
— Team of SVV (Université Libre de Bruxelles)
Team of RAS (Russian Academy of Sciences)

— Team of ZS (Ryerson University).

3 Results

In this section, the results obtained by the participating
teams for the transport coefficients are shown. In ground
conditions, results obtained for thermodiffusion, molecu-
lar diffusion and Soret coefficients and for the eigenvalues
of the diffusion matrix are shown, while in microgravity
conditions, results for Soret coefficients are provided. To-
gether with the results, the experimental error of each
technique is given. In addition, the weighted averages for
each coefficient are given. For that, the statistical weights
used are directly related to the experimental error of each
technique.

3.1 Thermodiffusion coefficient

Here we show the thermodiffusion coefficients determined
by the team of VS applying eq. (4) to the results obtained
by the ODI and TDT techniques, the thermodiffusion co-
efficients extracted by the team of WK from OBD mea-
surements, and the thermodiffusion coefficients measured
directly by the team of MBA by the TG technique, in all
three cases under ground conditions:

Table 1. Thermodiffusion coefficients determined in ground
conditions for the mixture THN-IBB-nCi2 at the mass fraction
of 0.8-0.1-0.1 and at 25°C.

Dipy x107"% D gx 10712

Technique (m2/s K) (m2/s K)
ODI4+TDT 0.694+0.13 —0.48 +0.06
Ground conditions  OBD 0.72+0.26 —0.50+0.16
TG 0.67£0.05 —0.49 £ 0.06
Average 0.68 +0.05 —0.48+0.04

As can be observed, the agreement between the values
independently obtained in the three laboratories, both di-
rectly (TG, OBD) and by the combination of two tech-
niques (ODI+TDT), is very good. As reference, we will
take the weighted average of the results, with its corre-
sponding weighted deviation (table 1, row 5).
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3.2 Molecular diffusion coefficient and eigenvalue of
the diffusion matrix

In this section, we present results obtained for the eigen-
values of the diffusion matrix (table 2) and for the cor-
responding molecular diffusion coefficients (table 3). In
ground conditions, they have been directly measured by
the team of VS using the TDT technique, by the team of
SVV using the OEC technique and by the team of MBA
using the SST technique.

Table 2. Eigenvalues of the diffusion matrix measured in
ground conditions for the mixture THN-IBB-nCi5 at the mass
fraction of 0.8-0.1-0.1 and at 25°C.

ot D1 x 107 Dy x 1071
echnique (m2/s) (m2/s)
TDT 5.29+£0.09 7.30+£0.26
Ground conditions OEC 5.50 £ 0.03 6.60 £ 0.03
SST 543 +0.68 8.08 £1.02
Average 5.48£0.03 6.61+0.03

There is a reasonable agreement of the eigenvalues of
the diffusion matrix, and the weighted averages with the
corresponding weighted deviations have been determined
(table 2, row 5). However, the agreement is not good in
case of the molecular diffusion coeflicients, being the worst
in case of the cross-diffusion coefficients, where we can ob-
serve even changes in the sign in the results for the coeffi-
cient Doy (table 3, column 5). It seems that there can be
more than one combination of diffusion coefficients in the
matrix. Therefore, we propose the eigenvalues of the diffu-
sion matrix as comparable reference parameters, instead of
giving reference values for molecular diffusion coefficients.

3.3 Soret coefficients

Here, results for the Soret coefficients are shown. In
ground conditions (table 4) they have been directly mea-
sured by the team of VS using the ODI technique and
by the team of WK using the OBD technique, and they
have been determined by applying eq. (3) to the results
obtained by the TG and SST techniques. In addition, in
microgravity conditions (table 5) Soret coefficients have
been determined by teams of RAS, ZS, VS and SVV.

As commented in sect. 2, values are given for THN and
nCi2 (components 1 and 3, respectively), because they
are the components chosen to determine the coefficients
in most of the techniques. Therefore, experimental errors
accumulate in the results for component 2 and the disper-
sion is higher. However, results for component 2 can be
easily calculated by eq. (8).

As can be observed, the values measured in ground
conditions are in good agreement. The weighted average
of the three independent results has been proposed as the
reference. It is interesting to note that consistent results
have been obtained by three different methods: by two
direct techniques and by the combination of other two
independent techniques.
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Table 3. Molecular diffusion coefficients for the mixture THN-IBB-nCi2 at the mass fraction of 0.8-0.1-0.1 and at 25°C.

Page 5 of 6

. D11 X 10710 Do x 10710 Doy X 10710 Das % 10710
Technique
(m?/s) (m?/s) (m?/s) (m?/s)
TDT 6.61 + 0.10 —0.59 + 0.54 —1.5540.10 5.98 + 0.44
Ground conditions OEC 5.50 + 0.51 —0.99+0.63 0.002 + 0.03 6.60 + 0.37
SST 5.23 + 0.66 ~1.80 +0.23 0.39 + 0.05 8.28 4+ 1.00

Table 4. Soret coefficients measured in ground conditions for
the mixture THN-IBB-nCi2 at the mass fraction of 0.8-0.1-0.1
and at 25°.

Table 5. Soret coefficients measured in microgravity condi-
tions for the mixture THN-IBB-nCi2 at the mass fraction of
0.8-0.1-0.1 and at 25°C.

Technique 511 ><7110*3 Sr.s X,}Oi?)
(K1) (K1)
ODI 1.04+0.15 —-0.94+0.10
Ground conditions OBD 1.20+0.09 —0.86 +0.06
TG+SST 1.194+0.09 —0.91+0.15
Average 1.17+£0.06 —0.88+0.05

As may be observed from the data in table 5, the Soret
coefficients determined in microgravity conditions show
acceptable agreement. The differences are larger if we com-
pare them to the coefficients measured in ground condi-
tions. The difference between the results measured in dif-
ferent gravity conditions arises from the fact that the de-
sign of the cells for the space instrument was subjected to
a set of extra conditions (safety, feasibility, etc.) and from
the condition number used. This finally resulted in certain
deviations of the visible separation developing in the cell
from its analytical model. These deviations can, in princi-
ple, be accounted for and a better agreement between all
measurements may be achieved. This requires, however, a
much more detailed and elaborated processing of the data
from the space experiments, which appears not yet feasi-
ble at the present time. Simplified processing based on a
straightforward fit to the analytical model results in a sys-
tematic error of 10-15% (overvalued separation for THN
and undervalued separation for nCi2). It should be noted
that the variations of experimental data for the Soret co-
efficients given in table 5 are not independent. Moreover,
they show a linear correlation due to the specific proper-
ties of the contrast factor matrix. Further details can be
found in the individual contributions of the teams of RAS,
VS and WK that accompany this summary paper.

3.4 Benchmark values

In the following table 6 we show the benchmark values of
thermodiffusion and Soret coefficients as well as the eigen-
values of diffusion matrix for the mixture THN-IBB-nCj2
at a mass fraction of 0.8-0.1-0.1 and at 25°C. Because
of the very different experimental boundary conditions,
we give separate values for Soret coefficients measured
in ground and in microgravity conditions. However, we

Sy x107% Shgx 1072
(K™) (K™
RAS  1.40+0.16 —0.834+0.10
ZS 1.374+0.06 —0.57 & 0.05
VS 1434021 —0.66 4 0.07
SVV  1.3940.25 —0.49 & 0.08
Average 1.3840.05 —0.61 & 0.03

Technique

Microgravity conditions

Table 6. Benchmark values for the mixture THN-IBB-nCi2
at a mass fraction of 0.8-0.1-0.1 and at 25°C.

Dy, x107"% Dy x 107"
(m2/s K) (m2/s K)
Ground conditions 0.68 £+ 0.05 —0.48 +0.04
1’)\1 ~ 10710 1’)\2 ~ 10710
(m?/s) (m?/s)
Ground conditions 5.48 +0.03 6.61 £ 0.03
Spyx107° Spax 1077
(K™ (K™
Ground conditions 1.17 £ 0.06 —0.88 +0.05
Microgravity conditions 1.38 £ 0.05 —0.61 £ 0.03
Combined conditions 1.28 +0.04 —0.70 £ 0.03

also present the Soret coefficients for the combined grav-
ity conditions.

This work has been developed in the framework of the
cooperative project DCMIX (AO-2009-0858/1056) of the
European Space Agency and the Russian Space Agency
(Roscosmos). The Bayreuth team was supported by the
Deutsche Forschungsgemeinschaft (KO1541/9-2) and by DLR
(50WM1130). The Mondragon team was supported by Micro-
CHEAP (IE14-391), Research Groups (IT557-10) and Re-
search Fellowship (BFI-2011-295) of the Basque Government.
The Ryerson team acknowledges the financial support of the
Canadian Space Agency. The Brussels teams SVV and VS
are thankful to the PRODEX programme of the Belgian Fed-
eral Science Policy Office and ESA. The Russian team was
supported by FGUP TSNIIMASH. The Brussels team VS
and Russian Team IR acknowledge the financial support of
Wallonie-Bruxelles International, Belgium.
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