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ARTICLE INFO ABSTRACT

Keywords: We present the results of thermodiffusion experiments conducted under microgravity conditions during the
DQMIX4 ) DCMIX4 mission performed onboard the International Space Station (ISS). The space data are compared to
MleOgra‘_llfY_ previously obtained ground-based measurements. The investigated binary mixture, composed of polystyrene
;hairrrg:idollfefzillzn (4730 g/mol) dissolved in the pure solvent toluene, was analysed at four different operating temperatures: 20-25-

30-35 °C. A complete procedure was developed, detailing each step from data acquisition to the determination of
the fluid transport properties (Soret, molecular diffusion, and thermodiffusion coefficients) using various
analytical solutions. Experimental results for the Soret coefficient (steady-state species separation analysis)
indicate a linear decrease with increasing temperature, which is in excellent agreement with the Soret co-
efficients obtained under ground-based thermodiffusion experiments. In contrast, the molecular diffusion coef-
ficient (unsteady-state study) exhibits an increasing trend with temperature, presenting larger deviations from
gravity-based results. These variations are attributed to inaccuracies in phase reconstruction because of limita-

tions in the employed phase-stepping technique.

1. Introduction

Transport phenomena encompass the investigation of the exchange
of mass, momentum, and energy between different volume elements of a
thermodynamic system. In natural processes, it is common for matter in
liquid, gas, or solid states to exhibit non-homogeneous distributions,
resulting in variations in composition at distinct locations. These
compositional differences create disequilibrium, driving the transport of
mass, momentum, and energy to try to restore equilibrium. In this
context, mass transport can occur through various mechanisms
depending on the conditions of the system. Molecular diffusion, for
instance, arises in response to concentration gradients in the form of a
microscopic random walk of the sample molecules that ends up in
fluctuations at any length scales. Alternatively, when mass transport is
driven by temperature differences, the phenomenon is referred to as
thermodiffusion, which was initially observed by Carl Ludwig and
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Charles Soret in the 19th century [1]. In this respect, the Soret coeffi-
cient (St) is the magnitude that relates the thermodiffusion (D) and the
molecular diffusion (D) coefficients and can exhibit either a positive or
negative value [2,3].

In recent years, there has been a significant increase in interest in the
study of thermodiffusion and today, this complex phenomenon is not
limited to a single application but is fundamental to numerous sectors
across a wide range of fields (refer to Refs. [2,3]). In this context, the
development and improvement of new applications require prior
knowledge of the mass transport properties and therefore, it is essential
to investigate the process of species separation in response to tempera-
ture gradients in a variety of media [3]. In 1999, with the goal of
beginning to acquire this comprehensive understanding, five European
laboratories collaborated to systematically analyse and determine the
mass transport coefficients of distinct binary liquid mixtures consisting
of 1,2,3,4-tetrahydronaphthalene (THN), isobutylbenzene (IBB) and
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n-dodecane (C;3), as previously published works showed discrepancies.
In this coordinated study, various experimental methodologies were
used. Among them, the convective technique of the traditional Ther-
mogravitational Column (TGC) [4] together with the diffusive methods
of Thermal Diffusion Forced Rayleigh Scattering (TDFRS) [5] and the
Open-Ended Capillary (OEC) [6], were considered. In this way, in 2003,
unified transport coefficients were published, today known as the Fon-
tainebleau Benchmark reference systems [7]. To date, these data have
served as a reference for the development-validation of new experi-
mental procedures, such as the Optical Beam Deflection (OBD) [8]
method and the Optical Digital Interferometry (ODI) [9], applied to a
Soret cell, as well as implemented in the thermogravitational micro-
column (WTGC) [10] or the dynamic Shadowgraphy [11], the only op-
tical method that, for binary mixtures, does not reply on the knowledge
of optical contrast factors.

In general, the systems involved in natural and industrial processes
consist of more than two components. Thus, the next step was to focus
on the analysis of ternary systems, being the simplest representation of a
multicomponent mixture [12]. However, like what occurred with early
studies on binary systems, the mass transport coefficients of ternary
mixtures determined by different experimental techniques did not show
a good agreement [13,14]. The complexity of analysing ternary mixtures
increases, as any convective flow generated by the gravitational effect
can interfere with the experiment [15]. Recognising that individual ef-
forts were insufficient, several international groups joined forces to
establish a reliable reference dataset for ternary systems. In this context,
with the aim of mitigating the potential disturbances caused by gravity
in the study of ternary mixtures, the Diffusion Coefficient Measurements
in ternary mIXtures (DCMIX) project was launched in order to conduct
thermodiffusion experiments under microgravity conditions and com-
plete and corroborate results obtained under ground-based experiments
[15-17]. Within the framework of the DCMIX project, four measurement
campaigns were carried out on board the International Space Station
(ISS) and using the Selectable Optical Diagnostic Instrument (SODI) as
experimental technique. In each mission, five ternary systems and a
reference binary subsystem were simultaneously studied using a Soret
cell array. A brief summary of each conducted campaign is provided
below, with emphasis on the research work done to date. The details of
the SODI technique are explained in the following section 2.

The first mission, DCMIX1, was completed in January 2012. In this,
and as a continuation of the Benchmark Fontainebleau [7], a binary
subsystem based on THN|C;, was positioned in the reference cell (also
called the companion cell) together with the ternary mixture composed
of THN|IBB|C; at five different concentrations. Thermodiffusion mea-
surements were conducted at 25 °C, and a first international comparison
program was performed in order to evaluate the well-known ternary
mixture THN|IBB|C; at a mass fraction of 0.80|0.10|0.10. Thus, today,
this ternary system is one of the references for the validation of new
experimental approaches [18].

The second campaign, DCMIX2, took place in 2014. The sample cell
array contained a binary reference mixture of toluene (Tol) and cyclo-
hexane (Ch), as well as ternary systems including methanol (Meth).
Although these mixtures also consist of hydrocarbons, they are signifi-
cantly more complex than the ones studied in DCMIX1. The binary
subsystems of the ternary mixture exhibit negative Dy coefficients over
the whole concentration range (Tol|Ch), an immiscibility gap (Meth|Ch)
at different mass fractions as well as a sign change in the Sy coefficient
(Tol|Meth). In this second mission, it was shown that the Soret separa-
tion increases by at least one order of magnitude as it approaches the
demixing zone. In addition, thermodiffusion experiments were con-
ducted at different average working temperatures and results revealed a
linear dependence of the Sy coefficient in both binary and ternary
mixtures [19-21].

The third campaign DCMIX3 of the project shifted focus from hy-
drocarbon mixtures to analyse for the first time the mass transport
properties of aqueous mixtures under microgravity conditions. The
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binary subsystem was composed of water (H20) and ethanol (EtOH),
and the five ternary mixtures included the triethylene-glycol (TEG)
component. DCMIX3 was originally scheduled for October 2014. How-
ever, due to a catastrophic failure during liftoff, experiments were ul-
timately completed in November 2016. The aqueous system is also
characterised by, among other features, the sign reversal of the Soret
coefficient in both binary and ternary liquid mixtures. The three binary
subsystems have been extensively studied in the literature, with the
mass transport properties of the H;O|EtOH mixture determined through
various experimental techniques [8,22-25] In addition, results for the
second cell ternary mixture (at 25 °C) obtained both under terrestrial
and microgravity conditions were published in Refs. [15,26,27].

The fourth mission DCMIX4 was the last microgravity campaign of
the project. To maximise the impact of this flight, various liquid mix-
tures were delivered to the space station in November 2018. The first
three cells were filled with Tol|Meth|Ch components, previously studied
in DCMIX2, but at distinct concentrations. The sample in the fourth cell
included a ternary system based on fullerene (Ceo), specifically Ceol
THN|Tol, marking the first investigation of a complex mixture involving
nanoparticles. Additionally, in the companion cell and in the fifth cell
macromolecule-based mixtures were positioned composed of poly-
styrene (Ps) in the pure solvents toluene and cyclohexane. In November
2020, once the data were downloaded from the ISS, the results related to
the data quality assessment evaluation were published [28]. The
contrast of the images, the saturation, the phase-stepping method
quality and the temperature stability recorded during the thermodiffu-
sion experiments were investigated. In parallel, recent works have been
published in relation to the determination of the mass transport co-
efficients of the DCMIX4 mixtures under ground-based thermodiffusion
experiments and considering different working conditions, that is tem-
perature and concentration. Specifically, binary nanofluids consisting of
Ce0|THN and Cgo|Tol [29] as well as subsystems composed of Ps|Tol and
Ps|Ch [30] along with the macromolecular ternary system Ps|Tol|Ch
[31] have been studied in detail considering various experimental
techniques. Experimental studies related to the stability of the binary
Tol|Ch have also been performed under ground conditions [32].

As a next step, the determination of the Soret, molecular diffusion
and thermodiffusion coefficients of the mixtures delivered in DCMIX4
has been initiated. As a continuation of the recently published work in
which the mass transport coefficients of the binary polymeric mixtures
were determined and corroborated via the TGC, pTGC, OBD and TDFRS
techniques (refer to Ref. [30] for a detailed description), the motivation
of the present study has been to initiate the analysis of the microgravity
experiments performed on the reference mixture composed of Ps|Tol (Ps
molar mass 4730 g/mol and 0.02|0.98 mass fraction) at different
operating temperatures: 20-25-30-35 °C, an analysis that is essential for
the future investigation of the ternary macromolecular mixture. For this
purpose, this work first details the key aspects of the SODI instrument.
Next, the complete step-by-step followed pipeline for the determination
of the mass transport coefficients is presented. Thus, a first comparison
between results obtained in both terrestrial and microgravity conditions
for the reference polymeric mixture is provided. In this context, the work
has been done in collaboration with three international research groups:
Mondragon University (MGEP, Spain), Universitat Bayreuth (UB, Ger-
many) and Université de Pau et des Pays de 1’Adour (UPPA, France).

2. Experimental technique

The following section describes the SODI experimental technique:
design, optical installation and DCMIX experiments procedure. SODI is a
removable setup that has been in orbit since 2009. It enables the analysis
of refractive index variations in binary and ternary systems via inter-
ferometry with the possibility of applying to the sample a temperature
gradient. In this context, the instrument comprises two primary com-
ponents [33]. On the one hand, a Soret cell array accommodates six
different mixtures: five ternary systems and one binary reference
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sample. The core of each cell is built from a quartz frame that contains a
cavity measuring 10 x 10 mm? in cross-section. At the same time, this
frame is positioned between two nickel-plated copper blocks, which are
joined by titanium spacers to maintain a uniform distance and prevent
excessive pressure on the quartz frame. The distance between the copper
blocks is 5 mm, yielding a sample volume of 0.5 ml (5 x 10 x 10 mm®)
for each cell. As for the filling process, the liquid is injected through an
opening in the upper block where a compensation volume is reserved to
equilibrate any pressure change. A flexible membrane, which enables
this compensation, seals the assembly. Additionally, two independent
Peltier elements (positioned at the external side of each copper block,
top and bottom) and controlled by proportional-integral-derivative
(PID) regulation systems are employed to apply the desired tempera-
ture difference to two opposite sides of the sample. Likewise, the oper-
ating temperatures are measured using thermistors inserted into
openings of the copper blocks (refer to Ref. [33] for a schematic
illustration).

On the other hand, SODI contains two independent optical setups
called ‘bridges’, one fixed and the other movable, within which the cell
array is positioned (see Fig. 1). For the analysis of the reference binary
subsystem, a single-laser interferometer operating at 670.0 nm (Hitachi
6714G), designated as Fixed Red (FR), is installed in the fixed bridge. In
contrast, to study the remaining ternary mixtures, a Mach-Zehnder
interferometer equipped with two lasers, operating at 670.0 nm (Hita-
chi 6714G) and 935.0 nm (Nanoplus DFB), is positioned in the movable
bridge. The latter is mounted on a rail, allowing it to travel from cell to
cell. In this case, the two lasers are referred to as Moving Red (MR) and
Moving Near-Infrared (MN), respectively. Each interferometer contains
all essential optical components such as mirrors, beam splitters and a
CCD camera (DALSA Pantera SA 2M30) with a resolution of 1920 x
1080 pixels. In this context, the optical elements are arranged between
the illumination and acquisition blocks. Thus, the lasers emit a light
beam from the illumination block, that is separated in two beams with
one beam passing through the Soret cell containing the sample while the
other one serving as a reference beam. In the acquisition block, the two
beams are combined, generating an interference pattern that is subse-
quently captured using the CCD camera (a schematic illustration is
provided in Ref. [33]). In the image acquisition process SODI is based on
the phase-shifting technique by introducing phase variations across five
consecutively captured images with a maximum delay of 1 s between the
acquisition of the first and last image, grouped in what has been called a
“stack” of images. Adjustments to the current of the laser source result in
changes in the laser wavelength, thereby inducing a phase shift of n/2
between successive images in a stack [28].

Regarding the experimental procedure, three main steps are identi-
fied for each thermodiffusion experiment, being the same for both the
binary reference subsystem and the ternary mixtures. The first stage
involves unmonitored thermal homogenisation, during which the mix-
ture’s temperature is stabilised at the mean working temperature
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Fig. 1. Experimental apparatus. Picture of the SODI instrument obtained from
QuinetiQ Group together with a schematic illustration created for DCMIX4: the
Soret cell array, the optical bridges and the illumination-acquisition blocks.
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without acquiring any interference pattern. The second step consists of
monitored thermal homogenisation over a predefined period, after
which the temperature gradient is applied. This initiates the third stage,
known as the Soret separation phase. Within the Soret phase, three
distinct steps are defined: Soret 1, Soret 2, and Soret 3 to track the
separation between species as the mixture progresses toward a steady-
state plateau. For further details on the Soret cell assembly, optical
installation and followed experimental procedure please refer to the
following works [28,33].

3. Methodology and results

After each thermodiffusion experiment, image processing is per-
formed to obtain the concentration variations of the mixture’s compo-
nents based on the captured interferograms. The DCMIX missions have
outlined a roadmap with various methods to follow the necessary steps
for the final determination of the mass transport coefficients of the
delivered systems [34]. In previous campaigns, two sets of data could be
analysed, since, after the temperature difference was applied for a
certain period, the sample was re-homogenised by eliminating the.

Gradient and returning to the average working temperature (referred
to as the Diffusion step). However, in the current DCMIX4 mission, the
Diffusion step was omitted, leaving only the Soret step for analysis. In
this manner, Fig. 2 illustrates the processing pipeline adopted in this
work, with the subsequent sections providing a detailed description of
each stage in the workflow along with the obtained results: Data
Obtention (1), Data Quality Assessment (2), Phase & Refractive Index
Maps (3), Data Fitting to Analytical Equation (4), Mass Transport Co-
efficients (5) and Microgravity vs. Ground Results Comparison (6).

3.1. Data Obtention

The first step involved compiling a database containing the images
from each thermodiffusion experiment performed in the 6-reference
cell. At present, the database is publicly accessible via the Human and
Robotic Exploration Data Archive (HREDA) portal [35]. This platform
hosts research data funded by the European Space Agency (ESA) and
provides access to data related to all the experiments conducted during
the various DCMIX campaigns. All image data are stored in Flexible
Image Transport System (FITS) format. For DCMIX4, the companion cell
data is organised together with the interferograms from cell 5 (run
names: 5r01, 5r02, 5r02r, 5r03, and 5r04), with a total of fifteen images
stored in each file. Within every data stack, the first ten consecutive
images correspond to the ternary Ps|Tol|Ch mixture (captured using the
MN and MR lasers), while the last five images, i.e. the ones assessed
during this work, correspond to the binary Ps|Tol subsystem collected
using the FR laser. For each run, two additional Excel files are available,
containing information on driving current, temperatures of the three
laser diodes, and temperatures of the top and bottom layers of the Soret
cell. In DCMIX4 four different working temperatures were investigated
and, in this work, each thermodiffusion experiment performed in the
companion cell is labelled as follows: 6r01 (20 °C), 6r02 and 6r02r
(25 °C, two repetitions), 6r03 (30 °C), and 6r04 (35 °C).

3.2. Data quality assessment

Prior to extracting the 2D-Phase maps from the interference patterns,
it was essential to individually assess their quality. Within this frame-
work, Mialdun et al. [28] recently reported an analysis of the Data
Quality Assessment for the DCMIX4 experiments. Therefore, in this
work, the same procedure outlined in Ref. [28] was considered. A
comprehensive description of the approach used is provided in Ref. [28],
and the following lines overview the key aspects observed in both [28]
and during this work, as they are essential for the subsequent stages of
the image processing. The quality of an image was defined by two pri-
mary metrics: saturation and contrast, and a histogram served as a
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Fig. 2. This work used a sequential process, starting with the establishment of a database and resulting in the determination of the mass transport coefficients of the

reference binary polymeric mixture.

crucial tool for determining these parameters. In the case of saturation,
an excessive number of saturated pixels in the white (intensity value of
255) or black (intensity value of 0) grey levels can result in a loss of
information. As previously reported in Ref. [28], it was observed that all
the captured interferograms exceed the minimum white and black
saturation thresholds (i.e. less than 5 %) defined by the Experimental
Scientific Requirement (ESR) when considering the central region of
interest (ROI). Regarding contrast, it was noted that its value is entirely
dependent on the method used for its calculation. In this work, the first
two approaches presented in Ref. [28] were considered. The first
method (and defined via the ESR) describes the contrast as (Imax —Imin)/
(Imax +Imin) where Iy, and In, are the maximum and minimum in-
tensity levels in the selected ROI. However, in general, this equation
overestimates the contrast values because if the minimum grey level
found in the analysed region is equal to I, = 0.0 (even if it is only a
single pixel), the approach yields a maximum contrast magnitude.
Therefore, as detailed in Ref. [28], an improved second method was
considered, limiting the grey levels as follows: I;, refers to the average
of the lowest 20 % of pixels in terms of grey level, and I;,.x represents the
average of the highest 20 % of pixels in terms of grey level. Thus, an
experiment was considered disturbed when the number of affected in-
terferograms exceeded 50 % of the total number of images [28]. In this
context, this issue was not observed in the thermodiffusion experiments
corresponding to the companion cell, at least when applying the
described contrast calculation methods.

As mentioned above, SODI is based on the phase-stepping method
during the image acquisition process. For this reason, Phase-Stepping
Accuracy evaluation was fundamental to ensure the later correct
reconstruction of the 2D-Phase shift maps (¢(x, z)). A modified Har-
iharan algorithm Eq. (1) [36] was used to obtain the phase shift ¢(x, z)
from the two-dimensional intensity (I;) of the five phase-shifted in-
terferograms, as it was successfully employed in previous DCMIX mis-
sions [37]. As a consequence of the used arc-tangent in Eq. (1), the
obtained phase was mathematically wrapped to the interval -n to +,
and subsequently, a so-called phase unwrapping procedure had to be
employed. In this work, the unwrapped phase shift was acquired by the
growing pixels method described via Itoh’s algorithm [38]. As in the
work [28], the error on the phase calculation was defined as the stan-
dard deviation between the unwrapped phase (determined) and its
linear interpolation. Then, this magnitude was formulated as a per-
centage of the standard deviation of a three-phase ratio of the full signal
(refer to Ref. [28] for a detailed description). Thus, and as previously
outlined in Ref. [28], it was observed that experiments 6r02r and 6r04
were the most affected ones. This issue later became apparent when
extracting the phase shift variation (A¢,) as a function of time, by
calculating the phase shift difference between two points (top and bot-
tom) of the selected ROL. For this reason, erroneous experimental data
points, randomly distributed in time, were observed (refer to Fig. 4).

7(I — I)

1
4l — L, — 6L, — I, + 4I5 M

¢(x,2) =arctan

Just as image quality and the accuracy of the phase-stepping method
are essential, temperature control is a critical aspect in thermodiffusion
experiments, since thermodiffusion processes directly depend on the
applied temperature gradient. From the recorded temperature data, and
following the methods proposed in Ref. [28], the average working
temperatures (Ty), the applied temperature gradients (AT), and their
standard deviations (o7, and oar) were calculated together with the
presence of spikes that may completely corrupt the data. Additionally,
the temperature gradient build-up time (tgaq) was determined [28]
which is a crucial parameter in order to know when the temperature
gradient is fully established. As also mentioned in Ref. [28], it was
observed that temperature control in the companion cell experiments
showed no anomalies remaining stable (both T, and AT) and without
any detection of spikes. Similarly, in all experiments, it was noted that
the tg.q times were relatively short, ranging from 117 to 149 s (see
Table 1), thus enabling the acquisition of more accurate results when
reconstructing the 2D-phase shift maps.

3.3. Phase & Refractive Index Maps

Once the data quality evaluation is completed, the third stage of the
image processing workflow involves obtaining 2D-Phase maps, from
which the two-dimensional refractive index (RI) data is calculated. To
this end, the methodology proposed in Ref. [37] was followed, and an
overview of the different steps, along with the obtained results, is pro-
vided below. As can be seen in Fig. 2 three preliminary steps are
required: reference image identification, angle alignment correction,
and Field of View (FoV) selection. Firstly, the reference image (Imgyer)
corresponding to each DCMIX4 companion cell experiment was identi-
fied in order to subtract it from each subsequent interferogram and
isolate the contribution of the phase change caused by the temperature
gradient jump (refer to Fig. 4 to observe this first sharp phase jump after
the homogenisation period). Based on the tg,q values presented in
Table 1, Img,s was selected as the image captured after the sensors had
established the temperature difference over the

Mixture. In all cases, additional time was allowed in order to ensure

Table 1
This work used tg,q values [28] along with the selected Img;.s and calculated to
periods for each thermodiffusion experiment.

Experiment;p tgrad (s) [28] Imgie to (s)
6101 117 165 122
6102 138 165 142
6r02r 149 168 152
6r03 142 167 142
6r04 134 166 132
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Table 2
Solutal contrast factors (dn/dc).10~2 of Ps|Tol 0.02|0.98 mixture at
A = 670.0 nm and as a function of temperature.

Temperature (°C) (0n /dc) 4 = 670.0 nm

20 8.95
25 9.03
30 9.10
35 9.18

an optimal stabilisation of the temperature gradient. The following
Fig. 3 (a) shows, as an example, the process followed for the selection of
the Img.s (experiment 6r01). Table 1 presents the selected reference
image for each thermodiffusion experiment. Secondly, the alignment
between the companion cell and the CCD camera was checked and
adjusted by rotating the captured images 0.08° counterclockwise around
their central point. As a last step, interferograms were cropped from
1920 x 1080 pixels to 1530 x 765 pixels, corresponding to a FOV of 10
x 5 mm. Thus, only the central ROI related to the fluid zone was defined,
excluding areas associated with the sidewalls and copper plates. In this
context, Fig. 3 (b and c) illustrates the selected ROI, along with the
corresponding verification for experiment 6r01. The verification of the
defined region of interest was done by placing a vertical line at the
image center and comparing intensity results from the full frame and the
selected ROL

After the previous preparatory steps were completed, a modified
Hariharan algorithm Eq. (1) [36] was used in order to obtain the
2D-Phase maps together with the Itoh’s algorithm for its unwrapping
[38]. An initial phase shift difference A¢, analysis (see Fig. 4) was
performed tracking the phase difference between the top and bottom of
the complete Soret cell. As the Img,s either the first interferogram
captured during the homogenisation period or the reference images
previously selected and presented in Table 1 were used. This study
enabled the verification of the proper execution of the companion cell
DCMIX4 thermodiffusion experiments together with the detection of any
anomaly. Furthermore, experiments conducted under the same tem-
perature conditions (6r02 and 6r02r) were compared. In Fig. 4, it is
observed that in all conducted experiments A¢, remains basically con-
stant during the homogenisation period. Following this, due to the
application of the temperature difference, a first sharp phase jump is
noted. Once AT is established, species separation begins due to diffusion
processes, and after a certain period of time the phase difference reaches
a steady-state plateau. In the case of the experiments 6r02r and 6r04,
erroneous experimental data points were found at different time in-
stants. This is consistent with our analysis of image quality in Ref. [28].
In these runs, more than 25 % of the stacks were deemed insufficient for
applying the phase-shifting method for phase extraction, with run 6r02r
being the most affected. Both runs were conducted at the end of the
mission. The issues are attributable to laser instabilities, which led to the
incorrect phase-shifting of one of the images in the stack. However, the
runs remain useable. By manually removing the erroneous points, it is
still possible to estimate the magnitude of the phase difference, as well as
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the diffusion coefficient, by fitting the profile as a function of time. For
this reason, as it is shown in Fig. 4, once AT is established, wrong data
points in experiments 6r02r and 6r04 were excluded for further analysis.
Thus, in all thermodiffusion experiments (see Fig. 4), the magnitude of
the phase difference in the steady-state regime is clearly observed.
Similarly, this value varies slightly as a function of the operating tem-
perature, noting that the steady-state phase separation decreases as the
system working temperature increases. In addition, it is perceived that
the experiments 6r02 and 6r02r, conducted at the same working tem-
perature, show good repeatability. All these observations are further
studied quantitatively through the analytical data fittings performed to
determine the mass transport coefficients (refer to Table 3).

After extracting the 2D-Phase maps and carrying out the necessary
phase variation analysis, Eq. (2) was used in order to calculate the time
based 2D-RI maps (n(x,z)) [37]. In Eq. (2), A corresponds to the laser
wavelength (1 = 670.0 nm) and L refers to the path of the laser beam
through the liquid volume along the Soret cell (L = 10.0 mm). In this
context, the extracted phase, and as a result, the derived refractive index
was subjected to ambiguity in its absolute value. Thus, normalisation of
the refractive index was performed. Similar to the approach proposed in
Ref. [37], the refractive index value averaged over the selected ROI was
subtracted n'(x,2) = n(x,2z) — (n(x,2))gor-

_ty @)

nx2) =g

(x,2)

3.4. Data fitting to analytical equations

Once the 2D-Phase and the 2D-RI maps were calculated, the fourth
stage of the pipeline involved using different analytical equations in
order to fit the experimental data and extract the required parameters to
determine the mass transport coefficients of the binary polymeric
mixture under analysis. In this context, a prior step was to convert the
obtained 2D-RI maps into 1D-RI profiles. Considering [37], the previ-
ously normalised RI maps were averaged in the horizontal direction
within a selected vertical band of pixels from the map. This is done to
ignore the central area of the Soret cell where the channel to the
compensation volume is located. Likewise, the influence of the cell
corners with non-linear temperature on the resulting profile is prevented
(refer to Ref. [37] for more details). Even so, and as previously outlined
in Ref. [37], the calculated 1D-RI profiles did not present the expected
perfectly linear shape in the steady-state plateau and particular de-
viations were observed at the boundaries. This is due to the fact that by
subtracting the Img,.r (selected once the temperature gradient is estab-
lished) information regarding the species separation at time tgr,q is lost
[37]. Therefore, Mialdun et al. [37] suggested a correction to account
for this loss in separation by incorporating an initial time value (t;) into
the fitting algorithm. Thus, in this work, the same approach was
considered. The correction involves identifying a time interval starting
from the hypothetical stepwise application of the temperature difference
up to the selected reference image. In this manner, the concentration
profile analytically calculated for this time t, is then added to all

1000 -

Complete Image |
?elecledROl L (©

Fig. 3. Preliminary steps followed before extracting the 2D-Phase maps: (a) reference image selection based on recorded temperature data, along with the calculated
teraa Value; (b) alignment angle correction and central FoV selection; and (c) verification of the defined region of interest. Results correspond to experiment 6r01.
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Fig. 4. This work determined A¢, as a function of time via considering the total height of the cell and two different reference image instants: experiments 6r01, 6r02
and 6r02r, 6r03 and 6r04. In each case, the large graph corresponds to the data from the complete test, and the insert to the data (same experiment) after the

stabilisation of the temperature difference.

Table 3

DCMIX4 companion cell microgravity experiments results. This work deter-
mined Anf.107* and D.107'° values using different analytical equations
together with the calculated Sr.1072 and Dr.10™'2 coefficients.

Experimenty, Method Anf St (1/K) D (m?/s) Dr (m%/sK)
6r01 Full-Path —-3.93 4.48 2.07 9.28
Difference —3.96 4.64 2.20 10.2
Slopes -4.18 4.76 1.84 8.74
6r02 Full-Path -3.71 4.19 2.22 9.32
Difference —3.69 4.28 2.32 9.93
Slopes -3.97 4.48 1.97 8.81
6r02r Full-Path -3.81 4.30 211 9.08
Difference -3.79 4.40 2.14 9.41
Slopes —4.07 4.59 1.88 8.62
6r03 Full-Path -3.67 4.11 2.36 9.70
Difference -3.72 4.28 2.55 10.9
Slopes —3.92 4.40 2.15 9.44
6r04 Full-Path —3.48 3.87 2.57 9.92
Difference —3.46 3.95 2.66 10.5
Slopes -3.73 4.14 2.27 9.41
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Fig. 5. Schematic illustration of initial the time t, determination for the
6101 experiment.

experimental profiles. A key aspect of this method is the proper selection
of the reference time as it is assigned a value of zero and serves as the
starting point for calculating the concentration separation. In this work,
this time was defined as the period when AT(t) = (AT) /2. Fig. 5 showsa
representative scheme of the time t; for the experiment 6r01 and Table 1
reports the obtained t, values for the remaining experiments.

Since a binary system is being studied, two different two-parameter
fitting approaches, both previously validated, were employed in order to
determine the molecular diffusion coefficient of the mixture (unsteady-
state analysis) and the steady-state RI variation (An}) along with the
corresponding concentration separation (Ac). On the one hand, the
Full-Path solution was considered Eq. (3) making use of all the available
RI data points in both z-space and time (n(z,t)) [37]. On the other hand,
the Difference method was employed Eq. (4). Temporal differences in
refractive index (An,(t)) between two points of the Soret cell were
determined, giving more weight to data points near the two layers. At
this point, 10 pixels were excluded from each side of the cell in order to
prevent the corner effects (thus 1530 x 745 pixels corresponding to a
FOV of 10 x 4.87 mm). This analytical equation is the same as the one
used for the data analysis in the pTGC [39]. Additionally, a variation of
this approach, called in this work as the Slopes method, was considered.
Thus, An,(t) was calculated by a first order polynomial fitting of the
1D-RI profiles over the entire cavity. In both methods Eq. (3) and Eq. (4),
H corresponds to the height of the cell (H = 5.0 mm) and ¢ to the time. A

geometrical parameter, a = 1 (cos (%) — cos (%) ) , appears in Eq.

(4), which depends on the two boundaries (H; and H,) where RI dif-
ference is calculated.

n'(z,t) =An

<k27r2m>

1 2z 41 knz\ \

——+_+7§ E k—2COS( )C 3)
k,odd

2'H H
k*n?
An(t = 1 (H“”)
DY @
; T k,odd

The following Fig. 6 presents, as an example, the obtained results
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Fig. 6. Fitting of 1D-RI profiles of DCMIX4 companion cell Ps|Tol 0.02]|0.98
binary mixture (experiment 6r01 performed at Tp = 20 °C) via different
analytical solutions and considering ty = 122 (s): (a) Difference method, (b)
Slopes approach and (c) Full-Path algorithm being = H?/ (#°D).

from fitting the 1D-RI Profiles of experiment 6r01 via considering the
different analytical equations mentioned above. As a first qualitative
observation, it can be noted that the three approaches provide a good fit
for the experimental data. Even so, regarding the quantitative analysis of
the determined An (steady-state regime data points) and D (transitory
data points) values, it can be observed that An} magnitudes (calculated
by the distinct algorithms) are closer to each other than the extracted
molecular diffusion coefficients. This could be because transient data
analysis is generally less stable and tends to exhibit larger deviations.
Similarly, it is found that via the slopes method, and in comparison with
D magnitudes reported in Ref. [30], a lower diffusion coefficient is ob-
tained. The fitting parameters extracted for each experiment are pre-
sented in Table 3 along with their subsequent analysis in the following
section 3.5.

3.5. Mass transport coefficients

The fifth stage of the workflow consisted in determining the mass
transport coefficients of the polymeric subsystem Ps|Tol 0.02|0.98 at
different operating temperatures once Anj and D were previously
extracted via different analytical methods. In the case of the Soret co-
efficient, first, An' was converted into Ac{ by means of the solutal
contrast factors (dn/dc) determined for each working temperature and
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an operating wavelength of 1 = 670.0 nm (corresponding to FR laser)
Anf = (on/dc)Ac. This work employed solutal contrast factors, as
shown in Table 2, determined using the methodology based on Cauchy’s
dispersion equation, as previously described in Ref. [30]. Thus, it was
possible to calculate the Soret coefficient of the binary polymeric
mixture using Eq. (5) where cq refers to the initial concentration of the
densest component of the system. At the same time, the indirect calcu-
lation of the thermodiffusion coefficient was performed being Dy = StD.
Both Sy and Dy are presented in the following Table 3.

1 AcY

Sp=——
T T (1 —co) AT

()

Regarding the results presented in Table 3, on the one hand, in
relation to the steady-state analysis, it can be noted that the fitted An
values (independent of the used algorithm) present a decreasing trend as
a function of the working temperature. This is later reflected in the
calculation of the Soret coefficient, which also shows a linear decreasing
tendency as the temperature increases (see Fig. 7). At the same time, it
can be observed that S; magnitudes differ slightly (maximum deviation
of 7 % in the experiment 6r03) depending on the used analytical
equation. In all cases, the Soret coefficients obtained by means of the
Slopes method are the largest. This, in comparison with the difference
method, could be due to the fact that instead of studying only the RI
difference between two points in the cell, the species separation along
the entire cavity is considered. As for the experiments 6r02 and 6r02r
conducted at the same working temperature, it can be observed that the
first experiment exhibits a lower Soret coefficient. In this context, the
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Fig. 7. Ps|Tol 0.02]|0.98 mixture Soret, molecular diffusion and thermodiffu-
sion coefficients as a function of temperature. Comparison between micro-
gravity (DCMIX4 campaign) and gravity-based results.
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reason for this could be that the steady-state separation was not fully
reached, as the 6r02 experiment duration was shorter (see Fig. 4).

On the other hand, regarding the transient data analysis, it can be
observed that the calculated diffusion coefficients present an increasing
tendency as the temperature rises. In all cases, D coefficients obtained by
the Full-Path and the Difference methods are closer to each other than
the ones extracted via the Slopes approach. In this manner, it seems that
the steady-state species separation is reached earlier by calculating
An,(t) through a first-order polynomial fit of the 1D-RI profiles across
the entire cell. For this reason, the extracted diffusion coefficients using
the Slopes method exhibit a lower magnitude. In addition, regarding the
experiments 6r02r and 6r04 (see Fig. 4), it can be observed that the
obtained D coefficients are affected by the phase-stepping method
quality (see Fig. 4) resulting in lower diffusion magnitudes as well.
Subsequently, as for the obtained Dr coefficients, it is noted that the
thermodiffusion coefficient presents an increasing tendency as the
operating temperature increases. Nevertheless, a larger uncertainty is
observed as the thermodiffusion coefficient is calculated indirectly and
is completely dependent on the previously determined Sy and D.

3.6. Microgravity vs. Ground Results Comparison

The last step of the pipeline consisted of comparing the obtained
mass transport coefficients (microgravity environment) with gravity-
based results (see Fig. 7). Under ground conditions, thermodiffusion
experiments were conducted using two different experimental methods,
both in convective and non-convective regimes. The traditional TGC
technique (MGEP, Spain) together with the OBD method (UB, Germany)
were considered. Additionally, data from bibliography based on the
TDFRS technique was included for comparison [40]. Gravity-based re-
sults were previously published in the following works [30,31]. As for
microgravity results, data from Table 3 was considered. On the one
hand, regarding the Soret coefficient, for each working temperature, the
average of the different Sy values extracted through the various
analytical equations was calculated. Data from experiment 6r02 was
excluded since the temperature gradient period was not long enough to
achieve the steady-state plateau. On the other hand, diffusion coefficient
was determined considering the average between the D magnitudes
acquired by the Full-Path and the Difference Methods. Molecular
diffusion coefficient from experiment 6r02r was not considered due to
the poor quality of the phase-stepping method. As a result, Dr was
indirectly calculated. Table 4 summarises the transport coefficients
determined from microgravity experiments together with the obtained
deviations considering the different analytical solutions and Fig. 7 pre-
sents a first comparison between ground and microgravity results.

4. Conclusions

In this work, we have presented a detailed evaluation of the results of
the DCMIX4 thermodiffusion experiments carried out on board the ISS.
The analysis focuses on a companion cell filled with a binary mixture of
polystyrene dissolved in pure toluene (Ps molar mass 4730 g/mol and
0.02|0.98 mass fraction). After full data processing, the Soret and
diffusion coefficients of the macromolecular mixture were obtained
together with the indirect calculation of the thermodiffusion co-
efficients. Mass transport coefficients were extracted at the working
temperatures of 20-25-30-35 °C. Although we were investigating binary
mixtures, the excellent agreement between the microgravity and
ground-based results demonstrates the tremendous progress made in
processing raw data from the ISS since the DCMIX1 campaign, when the
benchmark results [17] showed larger deviations. Additionally, this
study will be essential for initiating the investigation of the ternary
macromolecular mixture under microgravity conditions.
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Table 4
Ps|Tol 0.02]|0.98 mixture mass transport coefficients Sr.1072, D.107° and
Dr.107'2 determined from DCMIX4 microgravity experiments.

Temperature (°C) St (1/K) D (m?%/s) Dy (m?/sK)
20 4.62 £ 0.14 2.14 £ 0.09 9.88 £ 1.0
25 4.43 £ 0.15 2.27 £ 0.07 10.1 + 0.8
30 4.26 £ 0.14 2.45 +0.13 104+ 1.3
35 3.99 £0.14 2.61 + 0.07 10.4 £ 0.9
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