Eur. Phys. J. E (2015) 38: 26
DOI 10.1140/epje/i2015-15026-3

THE EUROPEAN
PHYSICAL JOURNAL E

Regular Article

Contribution to the benchmark for ternary mixtures:
Measurement of diffusion and Soret coefficients of ternary

system tetrahydronaphtalene—isobutylbenzene—n-dodecane with
mass fractions 80-10-10 at 25 °C*

Quentin Galand® and Stéfan Van Vaerenbergh

Microgravity Research Center, Université libre de Bruxelles, Dept. Chemical Physics, Avenue F. D. Roosevelt, CP165/32,

B-1050, Brussels, Belgium

Received 16 July 2014 and Received in final form 19 November 2014
Published online: 27 April 2015 — (© EDP Sciences / Societa Italiana di Fisica / Springer-Verlag 2015

Abstract. This paper provides the molecular diffusion and Soret coefficients of the ternary system 1,2,3,4-
tetrahydronaphtalene, isobutylbenzene, n-dodecane system at mass fractions 0.8-0.1-0.1 and temperature
25°C for implementation into the benchmark presented in this topical issue. The Soret coefficients are
determined by digital interferometry using the data of DSC-DCMIX microgravity experiment. The method
used takes into account the influence of the thermal field on the Soret separations and the selection of
the image processing techniques results in reproducible Soret coefficients.The diffusion coefficients are
obtained by the Open Ended Capillary technique The fitting of the data collected through a set of two
complementary experimental runs allows retrieving the four Fickian diffusion coefficients.

1 Introduction

Interest on the topic of diffusion properties of ternary
liquid systems motivated several research teams to per-
form benchmark measurements of the molecular diffu-
sion and Soret coefficients of the ternary system com-
posed of tetrahydronaphtalene (THN), isobutylbenzene
(IBB) and n-dodecane (nC12) with respective mass frac-
tions 0.8-0.1-0.1 and at 25°C using different experimen-
tal techniques [1]. This paper is our contribution to this
benchmark and summarizes the results obtained from
two different experiments: the Soret coefficients were ob-
tained under reduced-gravity conditions on the Interna-
tional Space Station (ISS) by a digital interferometric
technique during the DSC-DCMIX1 (Diffusion and Soret
Coefficients —Diffusion Coefficients in Mixtures) experi-
ment and the molecular diffusion coefficients were mea-
sured by the Open Ended Capillary technique (OEC).
The DSC-DCMIX1 experiment was performed in
reduced-gravity conditions inside the European Space
Agency SODI multi-user facility (Selectable Optical Di-
agnostics Instrument) aboard the ISS. The SODI multi-
purpose facility allowed conducting several experiments:
DSC, IVIDIL [2], COLLOID and DSC-DCMIX1 (2011-

* Contribution to the Topical Issue “Thermal mnon-
equilibrium phenomena in multi-component fluids” edited by
Fabrizio Croccolo and Henri Bataller.

# e-mail: qgaland@ulb.ac.be

2012) and is hosted on the International Space Station.
In DSC-DCMIX1 a cell array of six cells, one containing
a binary mixture, and five containing ternary mixtures at
different compositions, was installed in the interferomet-
ric, two wavelengths optical set-up of SODI. The purpose
of this experiment is to acquire on board the data allowing
the determination of the Soret and diffusion coefficients
in the ternary liquid mixtures at mean temperatures of
25°C and 40°C. The experimental conditions are such
that species transport results from thermal gradient and
molecular diffusion. In a ternary system, the diffusive flux
J; of component 7 can be written as [3,4]

2

Ji = *PZ DijVwj — pDp; VT, (1)

j=1

where p is the density of the liquid, D;; are the molec-
ular diffusion coefficients, w; and D7 ; are, respectively,
the mass fraction and the thermodiffusion coefficients of
component i, and T is the temperature. Once the system
has reached a steady state in a closed cell, with no convec-
tion and no chemical reactions, the diffusion fluxes vanish
and the composition along the cell is proportional to the
temperature gradient. From eq. (1) this can be written as

Vwi = *Sé—vﬂ-VT, (2)
where we introduced the modified Soret coefficients S7. ;.

Although this steady state is reached only after an infi-
nite time, 99% of the separation is obtained after about
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five times the species diffusion relaxation time. This cor-
responds in on-board operations to the end of the “Soret
phase”. It must be a posteriori verified that the process
is close to completion.

The so-obtained concentration differences Aw; of the
components across the cell provide the Soret coefficients
by the relation

where AT is the temperature difference from the top to
the bottom walls of the cell. After the “Soret phase”, the
temperature gradient imposed at the boundaries is sup-
pressed; the “diffusion phase” then develops and eq. (1)
applies with a vanishing temperature gradient

2

j=1

The succession of these two phases allows retrieving the
set of all independent Soret coefficients and molecular dif-
fusion coefficients for each of the cells studied. The DSC-
DCMIX1 experiment delivered the large amount of ther-
mal and interferometric data needed to retrieve all the
coefficients. In this paper, we report part of this work by
providing the Soret coefficients for the benchmark sys-
tem [1], for three distincts experimental runs, referred to
as runs 3, 18 and 23. We first briefly provide in sect. 2.1 the
experimental details and image processing method needed
for this analysis. In sect. 3.1, we discuss the results under
the perspective of the thermics and image processing and
provide the Soret coefficients.

OEC is a well-known technique for the measurement
of isothermal diffusion coefficients. This technique is used
to study isothermal diffusion (eq. (4)). It was first used
in 1949 to study self-diffusion in liquids with the help of
isotopic tracers [5]. Since then, the technique has been
adapted to the study of mutual diffusion in binary sys-
tems, consisting of electrolytes [6], gases [7], and or-
ganic liquids [8]. It was extended to the study of multi-
component liquid system by Leahy-Dios et al. [9]. They re-
ported the diffusion coeflicients of the liquid system com-
posed of n-octane, n-decane and 1-methylnaphtalene, and
they obtained the concentration of the samples by cou-
pling density and refractive index measurements. These
results have inspired us and led us to develop an Open
Ended Capillary set-up that was studied in details in [10],
where we obtain very accurate measurements of the con-
centration of the samples by nuclear magnetic resonance
measurements. In addition, for the first time in the present
paper, we introduce a significant improvement of the ex-
perimental procedure: for the measurement of the molec-
ular diffusion in one single system, we perform two com-
pletely independent experiments, as suggested in [11] For
each of these, the gradients of the chemical concentration
of the three components are very different. The experi-
mental data collected through both experiments are com-
bined to perform the calculation of the entire matrix of
the diffusion coefficients, as detailed in sect. 3.2.
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2 Material and methods
2.1 Measurement of Soret coefficients
2.1.1 DSC-DCMIX1 set-up and timeline

The SODI facility and the DSC-DCMIX1 set-up were de-
scribed in details in e.g. refs. [2,4]. The liquid is contained
in a transparent square quartz frame that is clamped be-
tween two machined copper parts (the “heat blocks” in
fig. 1), one of which contains a small volume expansion
compensation chamber. The thickness of liquid (z and y
directions) is e = 10mm and the internal height (z direc-
tion) of the cell is L = 5mm. The temperature of each
heat block is probed with calibrated thermal sensors for a
temperature reading with a resolution of 0.01 K. The tem-
perature control is implemented through Peltier elements
and the cell is enclosed in a case of insulating material
to limit lateral heat losses and insulate from the fan’s air
flow.

Prior to a run, the temperature of the top heat block,
Ty, and the one of the bottom heat block, T5, are stabilized
at 25 °C during two hours. Then, the run goes as follows:
a temperature difference of 10 °C is applied across the cell
during the “Soret phase”: T7 and T, are, respectively, set
to 30°C and 20°C. The resulting thermal field in the lig-
uid induces the migration of the chemical components by
thermodiffusive process. Then, in the second phase, the
“diffusion phase”, the heat blocks temperature difference
is removed and the composition evolves towards homo-
geneous state by molecular diffusion. For runs 18 and 23
(respectively 3), the “Soret phase” lasted about 6 hours
(respectively 9 hours) while the duration of the “diffusion
phase” was 4 hours (respectively 6 hours).

2.1.2 Optical signals

A two-wavelengths Mach-Zehnder set-up of SODI pro-
vides interferograms recorded at a suitable rate. The co-
herent light sources are a Ay = 670nm (red) and a
A2 = 935nm (near infrared) laser diode. Phase shifting
interferometry [12] was used and phase shifts obtained by
stepping the laser diode currents. The selected technique
is based on the acquisition of a set of five fringe images
acquired in less than a second for both wavelengths

The temperature and composition fields variations in
the liquid are obtained by analyzing the changes of the
refractive indexes n; fields at the two different wavelengths
Ai, as described in sects. 3.1.2 and 3.1.3. Experimentaly,
the variation dn; of refractive index at wavelength 7 is
obtained from the corresponding phase difference dyp; that
is recorded on interferograms

g
2me

dn; = dy;. (5)
The image post-processing procedure implemented to
translate the experimental images to the phase changes
maps includes several steps. First, phase signals of each
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Fig. 1. Schematic of a DCMIX experimental cell.

acquired interference patterns are computed. Different im-
age processing algorithm can be used, such as the Fourier
transform technique [13,14] or phase-shifting methods [12,
15]. Here, we used phase-shifting. Due to important vari-
ations of the amplitude observed for the phase shifts, the
method was adapted using an iterative algorithm, as de-
scribed in [16]. In the second step of image post process-
ing, a reference image is subtracted. Depending on the
choice of the reference image, several contributions in the
phase variation signals can be discriminated [17]. In this
work, the reference image for each wavelength is chosen
when the temperature and the concentration of the liquid
are homogeneous across the cell. This experimental image
used was acquired at the end of the thermal stabilization
phase of the experiment, prior to the start of the “Soret
phase”. Then, in the third step, the phase signal, that is
modulo 27, must be unwrapped to construct a natural
phase. Due to the noisy signals resulting from the perfor-
mances of SODI and from the phase shifting calculations,
the simplest phase unwrapping approach, as the succes-
sive comparison of closed neighbor pixels [18] or Fourier
method unwrapping [19] did not provide accurate results.
Instead, we performed accurate unwrapping by a Costan-
tini algorithm, described in [20].

2.2 Measurement of diffusion coefficients

In an OEC experimental run, two solutions of different
compositions are placed in contact as follows: at the be-
ginning of the experiment, several “capillary” tubes, with
an open end, are filled with a solution of composition wq
and are immersed in a bath maintained at constant com-
position ws,, as shown in fig. 2.

Boundary Condition Flow

i

|
Thermoslated

Water = IA:“:,JJ.:“:I =
7 [
Teflon Holder - =~——Bath with constant
I : composition W, =W, o
' “Capillary” Tube
Z=0 W; =W, {Z:t)

Fig. 2. Schematic of our experimental set up for the OEC
technique.

Measurement of accurate diffusion coefficients requires
avoiding parasitic convective mass transfer. In order to
maintain the liquid in a stable configuration from the hy-
drodynamic point of view, the initial solution inside the
capillary tubes is more concentrated in the heavier compo-
nent and is thus denser than the solution of the bath.The
accurate mathematical description of the diffusive process
also requires maintaining a constant composition at the
outlet of the capillaries. The liquid of the bath is con-
tinuously refreshed by flowing liquid from a higher tank,
trough the cell and towards a lower tank (see fig. 2). The
tanks are regularly reversed so that the flow is continuous.
Inside the tubes, a diffusive profile of the chemical com-
position develops over time and results in an evolution of
the average composition. Experimentally, capillaries are
regularly extracted from the bath and their composition
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Fig. 3. Typical temperature cycle performed in a DSC-DCMIX1 run on cell 3 at 25°C. In the bottom of the figure, several
zooms are showed to illustrate the performances of the temperature regulation.

is quantified. The entire matrix of diffusion coefficients is
estimated by fitting the temporal evolution of the com-
position, as detailed in sect. 3.2. Composition analysis of
the samples was obtained by proton NMR, using the ex-
perimental protocol described in details in [10]. The abso-
lute errors on the mass fractions measurement with this
technique were estimated using samples of known compo-
sition and found to be lower than £+0.001. Mathematical
description of the OEC technique was detailed in [10]. The
measuring cell is cylindrical, with height about 10 cm, and
internal diameter 10 cm. The internal height of the tubes
is about 4.5c¢m and was calibrated for each tube, with
a precision of 14 10~*m, that is to say of the order of
0.2%. The internal diameter of the tubes is 1 mm. The
glass container is double jacked for thermostated water
(+£0.1K) circulation and sealed by a TEFLON® O-ring
to avoid evaporation.

3 Results and discussion
3.1 Measurement of Soret coefficients
3.1.1 Thermal regulation

Figure 3 shows the evolution of the temperatures 77 and
Ty, respectively, of the top and bottom copper blocks of
cell 3 measured during one of the DSC-DCMIX1 exper-
imental runs (run 18). Similar results were observed for
other runs investigated (runs 3 and 23).

Details of the regulation while applying (respectively
removing) the temperature difference at the beginning
of the “diffusion phase” (respectively “Soret phase”) are
shown in the two first zooms at the bottom of fig. 3. For all
the runs 90% of the temperature difference is established
or removed within a little less than 1 minute, and 99%
is reached within 2 minutes. The third zoom shows that

the temperature regulation is stable and precise: during
the “Soret phase”, the maximum deviation between the
measured and set point temperatures is 0.02°C; during
the “diffusion phase”, it is 0.05°C.

3.1.2 Temperature field across the cell

The temperature field in the liquid can be obtained from
the interferometric measurements. The data is obtained
for cell 0 filled with a binary mixture of THN and nC12,
with equal mass fractions. The temperature field is com-
puted by subtracting a reference image acquired during
the thermal stabilization phase of the runs (i.e. when
Ty = T, = 25°C) to the image acquired approximately
two minutes (i.e. more than 5 times the characteristic
heat diffusion time of the liquid) after the stabilization of
the temperature control. The corresponding phase images
were calculated and processed as described in sect. 2.1.2.
The phase change dy was corrected to remove the con-
tribution of the refractive index change in the cell’s glass,
as discussed in [17], by assuming a linear distribution of
the temperature along the z direction in the glass. The
refractive index change dn is calculated with eq. (5) and
translated to the temperature difference

on\

dT =dn ( 8T) ,

with the following values for the calculations: tempera-

ture contrast factor of the liquid (On/0T )iiquia = —4.39 -

10~* [21], geometric path in the liquid ejiquia = 10 mm,

temperature contrast factor of the glass (0n/0T )glass =
10~°, geometric path in the glass €glass = 20 mm.

The obtained temperature field is shown in fig. 4. It

is seen that the design of the cell and the lateral heat
losses induce a strong curvature of the temperature field

(6)
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Fig. 4. Colormap of the temperature observed cell 0 during a
run at 25°C of the DSC-DCMIX1 experiment.

approaching the lateral edges of the cell. The tempera-
ture difference between the top and bottom of the cell is
close to 10°C at the center of the cell; in the case of the
run plotted in fig. 4, we calculated a temperature differ-
ence of 9.89 °C. The temperature difference is significantly
reduced when approaching the lateral walls of the cell, re-
spectively of about 5%, 8% and 11% along vertical located
at 2mm, 1.5 mm and 1 mm of the glass wall. It must be
emphasized that the optical signals are influenced also by
several parameters such as the choice of the reference im-
age, the stability of the optics, the algorithms used for
the image processing and the temperature fluctuations in
the liquid, so that the values obtained for different runs
are not exactly the same. Here we use the value of the
temperature difference of 10°C for the Soret coefficients
determination. However, to limit the influence of the de-
formation of the temperature field, only the central region
of the field of view of the experimental images, including
70 percent of the pixels along the horizontal axis y are
used for the fittings. This region of interest is also limited
in the z direction, as explained in the next paragraph.

3.1.3 Evaluation of the Soret coefficients

In this work we determine the Soret coefficients by a pro-
cedure that does not use molecular diffusion coefficients
to avoid the multiplication of uncertainty sources. The
Soret separations are evaluated by subtracting a reference
image, corresponding to the isothermal and homogeneous
liquid system and taken at the end of the thermal stabi-
lization of the runs, to an image containing the Soret con-
centration separations of the component. The later image
is acquired at a time tg after the end of the “Soret phase”
larger than the duration of the temperature transients re-
sulting from the removal of the temperature difference at
the copper heat blocks. This time is typically five times
the thermal characteristic time, and still much smaller
than the species diffusion characteristic times. During this
time molecular diffusion starts and creates concentration
changes limited to the regions close to the top and bottom
walls of the cell, as discussed in [22]. This effect does not
need to be taken into account in our procedure if we limit
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Table 1. Contrast factors for the system THN-IBB-nC12 stud-
ied in cell 3 of the DSC-DCMIX1 experiment at T' = 25°C.
Component 1 is 1,2,3,4-tetrahydronaphtalene, component 2 is
isobutylbenzene and component 3 is n-dodecane. Those values
were computed from [4].

Cell | wy | we | w3

3 | 801010

Tl2,2|1

0.083769

n2,1|2

0.137367

2 n1,2|1

0.142775 | 0.088696

ni,i

the analysis of the experimental data to central 90 percent
of the field of view along a vertical of the cell.

To test the validity of the used region of interest, the
experimental phase images dp; for both wavelengths are
calculated and processed on the full field of view. Results
are shown in fig. 5. On it, the approximated linear fitting
function dy; g¢ is also shown. The fitting error €; defined
as

g; = dy; — dg; st (7)

can be made very small by a good selection of the region
of interest, and in particular by the one defined above
(centered, 70% in lateral direction and 90% along the gra-
dient).

The phase differences from the top to the bottom of
the cell Ayp; are calculated by extrapolating the fitting
function dy; g¢ to the entire height of the cell

Api = dg; (2 = L) — dpsse(2 = 0). (8)

The precision of the linear fitting in determining the Agp;
can be quantified by the standard deviations oa,, re-
ported in table 2. These are calculated for each individual
fitting by quantifying the dispersion of the experimental
data points from the fitting planes.

The refractive index differences An; are computed
with eq. (5) and converted to the Soret separations with

-1
Awq _ n1,1|2 TL1,2|1 Any (9)
Aws na1l2 no2li Ang )
In eq. (9) we introduced the matrix of the concentration
contrast factors whose coefficients n; ;| are defined by

8ni

nijl, = 9w, (10)

T,Pwg k#j

The computed values of the Soret coefficients strongly de-
pend on the values of the contrast factors used for the
calculations. The contrast factor matrix is obtained us-
ing the methodology and the experimental data reported
in [23]. The values of the n; ;|i used here are reported
in table 1. Finally, the coefficients Sj.; are deduced from
ed. (3). The errors on the obtained Soret coefficients AS7, ;
are evaluated by calculating the propagation of the rela-
tive errors on the Ay;, on the contrast factors and on the
temperature measurements, through egs. (3), (5) and (9).
In these calculations, we used relative errors on the Ayp;
inferred from the absolute average deviation of the con-
trast factors of 2.4% reported in [23] and maximal error
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Fig. 5. Typical linear fitting to obtain the Soret separation at the end of the “Soret phase”. Data obtained for cell 3, run 3
and wavelength A2 = 935 nm. Left: comparison of the experimental signal to the linear fitting. Right: fitting error, defined as
the difference between the experimental signal and the fitting function.

Table 2. Phase differences with corresponding standard de-
viations and refractive index differences from the top to the
bottom of the cells at the end of the “diffusion phase” for
DSC-DCMIX1 runs 3, 18 and 23 at T' = 25°C.

Cell | Run | Apy | 0ag, | Az | 0ag, | Ana 10% | Ans 10°
3 111.8| 0.8 | 78.0| 0.5 1.192 1.160
3 18 (1116 1.1 | 778 | 0.9 1.189 1.158
23 1106.2| 09 | 77.6| 0.6 1.184 1.155

of 0.1K on thermistors readings for the measurements of
temperatures 77 and T5. In doing so, we obtain the max-
imal errors AS’T’Z» on the estimated Soret coefficients.

The obtained phase and refractive index differences are
reported in table 2 and the Soret separations and coeffi-
cients are reported in table 3.

3.1.4 Discussion of results

There exist several procedures to retrieve the Soret coef-
ficients from digital interferometry experiment. One ap-
proach, used in [17] for binary systems, consists in solving
the diffusion equation and fitting the experimental data
to obtain simultaneously the diffusion and Soret coeffi-
cients. In binary systems, this analysis implies a fitting
involving two unknowns, one diffusion and one Soret coef-
ficients. In [17], the authors introduce a third fitting vari-
able, an initial time ¢y, which allow taking into account
the thermodiffusive separation of the components during
the thermal transients. Applying a similar procedure to
ternary systems means fitting simultaneously 4 unknown
diffusion coefficients, 2 Soret coefficients (and possibly one
additional ¢g). This approach was applied in [4] for ternary
systems, but the authors chose to introduce strong simpli-
fying assumption by neglecting the cross diffusion coeffi-
cients. The identification of the cross diffusion coefficients
in ternary liquid systems is a very delicate step, as demon-
strated by comparing the coefficients provided in [18,24]
and [25].

For the method presented here, we selected reference
images after the damping of the thermal transient, and
have taken the advantage of the fact that species mass
fractions evolve much slower than the thermal field. Im-
ages are analyzed in a region of interest excluding the lig-
uid close to the copper blocks. Figure 5 shows that there
is a good agreement between the fitting function dy; s¢
and the experimental data in the central region. The am-
plitude of the fitting error is larger in the region close to
the lateral glass walls of the cell: over the thermodiffusive
process, the concentration fields of the components align
to the temperature field in the cell and show strong cur-
vatures approaching the lateral walls. However, the fitting
error is symmetrical with respect to the zz and yz central
planes of the liquid volume. The o, are clearly influ-
enced also by the duration of the runs: they are smaller
than 1.2% for runs 18 and 23, and are reduced below 0.7%
for the longer run (run 3). Those values were calculated
for a fitting performed on a field of view including respec-
tively 90% and 70% of the height and width of the cell.
The main possible source of errors on the Soret coefficients
arises from the accuracy on the measured contrast factors.
However, in table 3, we provide the coefficients with two
decimals to illustrate the reproducibility of the results ob-
tained by processing several runs. The resulting maximal
errors on the estimated Soret coefficients are smaller than
18% for all coefficients.

3.2 Measurement of diffusion coefficients

Two independent experiments were conducted in parallel,
referred to as cell 1 and cell 2. The compositions of the
liquid initially contained in the tubes, wg, and of the lig-
uid of the bath, w., are reported in table 4. The overall
composition of the experiment wey;, (set-point) is defined
as the arithmetic mean of these two values.

For both cells, the initial solution in the tubes is more
concentrated in THN, and is thus denser than the solution
of the bath. The measured evolutions of the average com-
positions in the tubes for both experiments are reported
in fig. 6.
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Fig. 6. Measured evolutions of the mass fractions of the three components obtained by *H NMR for the two independent OEC

experiments.

Table 3. Soret separations an coefficients for the system THN-IBB-nC12 at T

25°C. Component 1 is 1,2,3,4-

tetrahydronaphtalene, component 2 is isobutylbenzene and component 3 is n-dodecane.

Cell | Run Awn Aws Aws St AST St ASt s St.3 ASt 3
(102K | (1073K™") | (107K~ | (1073 K™) | (1073K™") | (107*K™1)
3 | —0.0137 | 0.0086 | 0.0051 1.37 0.23 —0.86 0.14 —0.51 0.08
3 18 | —0.0136 | 0.0085 | 0.0051 1.36 0.24 —-0.85 0.15 —0.51 0.09
23 | —0.0144 | 0.0098 | 0.0046 1.44 0.25 —0.98 0.17 —0.46 0.08
Mean value | —0.0139 | 0.0090 | 0.0049 1.39 0.24 —0.90 0.15 —0.49 0.08

Initial concentration differences between the liquids of
the tubes and the bath are chosen very different for cells
1 and 2. Indeed, in cell 1, we applied initial concentration
gradients for components 1 and 2 while the initial concen-
tration gradient of component 3 is set to zero. Conversely,
for cell 2, we applied initial concentration gradients for
component 1 and 3 while the initial concentration gradi-
ent of component 2 is zero. In this way, in each cell, at
time zero, we cancel selected terms in the diffusive fluxes.
In other words, at the start of the experiment, we cancel
selected terms in the coupled differential eqs. (4) and we
try to isolate the different contributions in the diffusive
fluxes. Of course, the diffusive couplings remain and it is
impossible to cancel strictly their influence over time. In
all the calculations performed, all the terms of egs. (4) are
considered. It is also observed in fig. 2 that the timeline
of sampling is not linear over time. The time between two
successive samples is shorter at the beginning of the ex-
periments, about 6 hours. We gradually increase this time,
so that after several days we collect one sample every 24
hours. We chose to operate in this manner because the
concentration gradients are larger at short times, result-
ing in larger changes of the average concentration of the
liquid of the tubes in the first days of experiment.

As expected, the evolutions of the concentrations of
the different components follow typical multi-component
diffusive profiles. However, the experimental profiles pre-
sented in fig. 2 include noise. In particular, for cell 1, for
the measuring points between days 10 and 13, the mass
fraction of component 1 is slightly higher than expected
while the one of component 3 is slightly lower than ex-
pected. We attribute these effects to experimental errors
whose origin is difficult to identify rigorously. In particu-

Table 4. Concentrations of the solutions for the two indepen-
dent OEC experiments.

Cell

Component Wo Woo Wexp
1 0.8488 0.7500 0.7994
1 2 0.0505 0.1500 0.1002
3 0.1007 0.1000 0.1004
1 0.8414 0.7578 0.7996

2 2 0.1012 0.1031 0.1021
3 0.0574 0.1391 0.0983

lar, the expected accuracy of the concentration measure-
ment by NMR is very high and should not allow such ex-
perimental errors. There exist additional possible sources
of errors in the OEC: the initial filling of the experimen-
tal cell is performed manually and it is always possible
that unexpected convective mixing of the liquid modifies
the initial concentration of the liquid of some tubes. The
technique also requires opening the cell for sampling each
tube. Finally limited evaporation is possible at the time
of the sampling or when performing the dilution of the
samples prior to the NMR measurements.

Several interesting observations appear while studying
the curves of fig. 6. First, the diffusion of component 1 is
significantly different in both cells. This is mainly due to
the different initial concentration differences between the
liquids of the tubes and the bath for component 1 in the
two cells, but also to the contributions of the diffusive cou-
plings. Then, from our choice to cancel the concentrations
differences of components 2 and 3 respectively for cells 1
and 2, we observe that the concentration evolutions do not
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Fig. 7. Fitting of the evolutions of the mass fractions of the three components in both cells performed to obtain the matrix of

molecular diffusion coefficients.

Table 5. Molecular diffusion coefficients and eigenvalues of the diffusion matrix for the system tetrahydronaphtalene, isobutyl-
benzene, dodecane, with mass fractions 0.8-0.1-0.1 at 25 °C measured by the Open Ended Capillary Technique.

D11 D12 Do Doo DM DM
(107°m?/s) | (107" m?/s) | (107°m?/s) | (107°m?/s) | (107 %m?/s) | (107" m?/s)
5.5 —0.99 0.002 6.6 5.502 6.598
ADyy AD1» ADy ADso ADM ADM?
(107°m?/s) | (107" m?/s) | (107°m?/s) | (107°m?/s) | (107 %m?/s) | (107" m?/s)
0.5 0.6 0.03 0.4 0.03 0.03

show the development of significant concentration gradi-
ents of those components at short times. This means that
the diffusive couplings remain limited. This observation
is not really surprising because the molecules involved in
the studied system form a regular solution for which the
association between the molecules are limited.

The measurement points collected for all samples for
both cells are brought together to reconstruct the evolu-
tion of the average mass fractions of three components
inside the tubes over time. The four diffusion coefficients
are simultaneously estimated by fitting the 6 experimen-
tal curves of fig. 6 to the ternary diffusion equations.The
fitting consists in minimizing the root mean square of the
difference between the calculated and measured average
concentration in the tubes, and detailed calculations were
described in [26]. We used a Nelder and Mead simplex type
algorithm for the optimization [27]. The minimization pro-
cedure is a delicate step: it appears that several regions
of the parametric space provide local minimizers for the
fitting function. This means that several very different dif-
fusion matrices allow fitting the measurement points very
satisfactorily. Additional physical constraints are added to
the algorithm to avoid non-acceptable diffusion matrices.
All the matrices that do not verify one of the following
equations are rejected.

D11 =+ D22 > O, (11)
D11Dgy — Dy3D2; > 0, (12)
(D11 — Da3)* +4D13Dy; > 0. (13)

These constraints are discussed in [28]. They appear nat-
urally during the resolution of the multi-component diffu-

sion equations and guarantee that the values of the princi-
pal diffusion coefficients are positive. Moreover, we intro-
duced one additional condition for the minimization: we
only consider diffusion matrices allowing fitting qualita-
tively simultaneously the 6 experimental curves of fig. 6.
In other words, some matrices that provide lower values
of the function f by approximating more accurately the
evolution of 4 or 5 of the 6 curves, but resulting in a very
different behaviour for the remaining component(s) are
also rejected. This approach allows in particular avoiding
diffusion matrices that would produce important concen-
tration gradients of component 3 in cell 1 or component
2 in cell 2, that are not observed experimentally. Taking
all this conditions into account, we obtain the diffusion
matrices reported in table 5. In the table, we also provide
the eigenvalues of the diffusion matrix, defined as [9]

1
DM = 5 <D11 + Doy — /(D11 — Da)? + 4D12D21) )
(14)
a2 _ 1 2
DN = 3 (Du + Das + \/(Dll — Dgy)? + 4D12D21) :

(15)

The corresponding fitting curves are shown in fig. 7.

The fitting curves reproduce very reasonably the mea-
sured concentrations evolutions. However, performing the
fitting simultaneously for both cells, the fitting curves do
not pass exactly through the measured points. The er-
rors AD;; on each of the diffusion coefficients induced by
the fitting procedure are estimated by computing the root
mean square of the 6 experimental mass fractions curves
divided by the derivative of the fitting function with re-
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spect to each diffusion coefficients. As a result, it is im-
portant to note that the sensitivity of the proposed data
processing technique on the cross diffusion coefficients D15
and Dy, is low. The errors on the eigenvalues of the diffu-
sion matrix AD"" are computed by evaluating the error
propagation through egs. (14) and (15).

4 Conclusions

The Soret coefficients of several compositions and tem-
peratures of the THN-IBB-nC12 mixture were measured
in the DSC cells of the DSC-DCMIX1 mission on board
the International Space Station to provide reference data.
This data is compared to different ground-based tech-
niques in the frame of the benchmark described in [1].
We described the details of the data analysis for 3 runs
and for the cell containing the 80-10-10 mixture at 25°C.

Among the possible image processing methods and to
obtain the phase fields from the flight data, it was selected
here to i) obtain the phase fields by phase shifting algo-
rithm, ii) to recalculate the random phase shifts that were
obtained on SODI prior to the phase signals computations,
iii) to use the Costantini algorithm for phase unwrapping.

Once the phase fields are obtained, they are fitted to a
linear approximation, that corresponds to an ideal steady
Soret separation. This fitting is discussed as function of
the region of interest used. In particular, the region close
to the center is the most insensitive to spatio-temporal
unwanted nonlinearities. Also, we analyzed the validity
of the linear approximation close the lateral transparent
walls, where the profiles are clearly nonlinear. The rela-
tive error of the linear fitting in determining the actual
phase fields can be made smaller than 0.8 percent by a
good selection of the region of interest. By this direct
analysis to obtain the Soret coefficients, we avoid the us-
age of uncertain diffusion coeflicients. The analysis of the
data shows also that stationarity approximation is satis-
fied.

We performed the measurement of the diffusion coef-
ficients for the DCMIX1 benchmark system by the Open
Ended Capillary technique. The measurements of the con-
centrations of the samples were obtained by 'H NMR with
a very high accuracy. We used an original experimental
procedure that combines the experimental data collected
through two independent experiments to evaluate the ma-
trix of the diffusion coefficients. These two experiments
differ by the initial concentration differences. For each of
these experiments, the initial concentration of one of the
three components is set to zero. This method is proposed
to detect the couplings between the diffusive fluxes of the
components. For the studied system, these couplings are
not sufficiently strong to cause the development of sig-
nificant concentration gradients for the component whose
initial concentration gradient are set to zero. We report
the entire matrix of diffusion coefficients as well as the
eigenvalues of the diffusion matrix. Those values of the
Soret and diffusion coefficients constitute our contribution
to the DCMIX1 international experimental benchmark on
molecular diffusion in ternary liquid system.
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