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ARTICLE INFO ABSTRACT

Keywords: Thermodiffusion, which leads to a component separation in a mixture due to the thermal gradient, still does not
International space station have an unambiguous microscopic picture. Therefore, experimental studies, especially in convection free en-
Thermodiffusion vironment, are important. As part of the 4th campaign on the DCMIX project, thermodiffusion experiments on

Ternary mixtures
Phase-shifting interferometry
Thermal regulation stability

three compositions of the toluene-methanol-cyclohexane ternary mixture, on a mixture of fullerene-tetralin-
toluene and on a mixture of polystyrene-toluene-cyclohexane have been performed in microgravity conditions
on board the International Space Station. A binary mixture of polystyrene-toluene has been filled into the
companion cell for the campaign. The Selectable Optical Diagnostics Instrument (SODI), wich is a two-wave-
length Mach-Zehnder interferometer for the ternary mixtures, plus a monochromatic Mach-Zehnder inter-
ferometer for the binary mixture, has been used in order to obtain the temperature and the concentration fields
in the cells. Precisely, it is a 5-steps phase-shifting interferometry technique which is implemented with SODI,
producing by means of laser illumination a set of 5 phase-shifted images of 77/2 between them as function of the
time. A total of 58 runs of various durations and at different mean temperatures have been conducted. Here, we
evaluate the contrast of the interferograms, the quality in the phase stepping, the stability of the thermal reg-
ulation of the experiments and the level of environmental disturbances on board the space station during the

campaign.
1. Introduction mIXtures (DCMIX) project is to perform, in gravity-free environment
thermodiffusion experiments, in order to provide quantitative mea-
The aim of the Diffusion Coefficient Measurements in ternary surements of mass diffusion and Soret coefficients on ternary mixtures
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of different origins. These series of experiments are performed on board
the International Space Station (ISS) making use of the Selectable
Optical Diagnostics Instrument (SODI) installed within the
Microgravity Science Glovebox (MSG) inside the Destiny U.S.
Laboratory of the ISS. The instrument comprises a two-wavelength
(670 nm and 935 nm) Mach-Zehnder interferometer (MZI) with the
possibility to change alignment and magnification. It provides the
possibility to measure diffusion and Soret coefficients in binary and
ternary mixtures. It is recognized that it is impossible to perform very
extensive and systematic thermodiffusion studies in a microgravity
environment due to the naturally limited availability of experiment
time. With present technology, the coverage of the full ternary com-
position diagram of a single ternary system on a dense grid would re-
quire measurement times on the order of years. This is why the im-
provement of the reliability and the understanding of ground based
measurements has always been considered an important objective of
the DCMIX project. For flight experiments, 5 ternary and 1 binary
mixtures can be studied at the same time, delivered to the ISS in the
form of a cell array pre-filled with the liquid samples. Within the fra-
mework of the DCMIX project, four measurement campaigns were
carried out on the ISS.

The first campaign, DCMIX1, was completed in January 2012. The
samples were ternary mixtures of three hydrocarbons (tetralin, iso-
butylbenzene and dodecane). These compounds serve as model systems
for the oil industry and the associated binaries are known as the so-
called Fontainebleau benchmark systems. An experimental benchmark
study was organised comparing ground and microgravity results at the
point with mass fractions 0.80/0.10/0.10 for the ternary mixture THN-
IBB-C12 [1]. A large part of the DCMIX team was involved in processing
of the selected runs [2].

The second campaign, DCMIX2, was completed in January 2014.
The ternary mixtures were composed of toluene, methanol and cyclo-
hexane. This system is of particular interest due to the existence of a
miscibility gap and a consolute critical point. Its investigation in ground
based experiments is significantly more complex than in case of the
DCMIX1 mixtures due to double diffusive convective instabilities [3]. It
was shown that Soret separation increases at least by one order of
magnitude towards the demixing zone. An unexpected experimental
result was obtained in the binary cell filled with a toluene-cyclohexane
mixture: the thermodiffusion coefficient Dy is temperature independent
for this mixture [4]. For the ternary mixture a linear dependence of the
Soret coefficients on temperature was established. Processing the same
set of images by different teams showed that the results depend on the
methodology used to obtain the optical phase [5]. Furthermore, a small
discrepancy in the optical phase (*10%-15%) can lead to a large dis-
crepancy between the results due to the propagation of errors at the
state points with poor optical contrasts and/or ill-conditioned contrast
factor matrices.

DCMIX3 was originally scheduled to be brought to the ISS in
October 2014. Unfortunately, due to the catastrophic failure of the CRS
Orb-3 mission during lift off, the first cell array was lost. A second cell
array was built and successfully delivered to the ISS aboard SpaceX
CRS-9 in July 2016. Experiments were completed on 17 November
2016. The DCMIX3 samples were ternary mixtures of water, ethanol,
and triethylene glycol, for which a sign change of the Soret coefficient
along the binary water-ethanol boundary was already known from the
literature. Motivated by the microgravity experiments, a second sign
change was discovered along the ethanol-triethylene glycol boundary in
accompanying laboratory experiments. Sign changes of the Soret coef-
ficient render these mixtures particularly sensitive to unwanted con-
vective instabilities under gravity conditions. For the mixture of sym-
metric composition with equal mass fractions it has been possible to
obtain consistent results between the microgravity measurements and
the laboratory ground experiments performed with optical beam de-
flection and with a thermogravitational column [6]. The evaluation of
the other cells has not yet been finished. 5-steps phase-shifting
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Fig. 1. Toluene-methanol-cyclohexane concentration diagram indicating

DCMIX4 cells 1-3 composition (red circles) and as a reminder of DCMIX2
samples composition (blue triangles). The hatched area indicates demixing zone
at T = 25 °C; the demixing zone expands as long as the temperature decrease.
(For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

interferometry technique relies on acquiring a set of 5 images with /2
phase shift between them, which is called a stack. Some of the DCMIX3
measurements were affected by laser instabilities that render the stan-
dard phase stepping evaluation procedure impossible. A new evaluation
scheme, which is based on single image analysis, has been developed,
which allows evaluating also the malformed image stacks without in-
formation loss. This alternative technique proves the robustness of the
SODI instrument, which can deliver valid data even in situations where
some components of the instrument fail to work as designed [7].

For the 4th campaign of the project, which is the subject of this
work, the scientific team wanted to maximize the scientific return of the
mission by maximizing on the diversity of the chemical systems sent
into space. Taking into account novelty and importance of the obtained
results for the ternary mixture, three cells of DCMIX4 (1-3) have been
filled with toluene-methanol-cyclohexane mixtures at concentrations
different from those of DCMIX2 and closer to phase separation, in order
to confirm the slowing-down of the mass diffusion and the divergence
of the Soret coefficients. In Fig. 1 the ternary composition map is re-
ported. All three mixtures have the same content of methanol (25% by
mass). The composition of the first cell is the one closer to the demixing
zone (shown as the shaded area) at small toluene concentration. The
analysis of the cells 1-3 has been coordinated by the team headed by V.
Shevtsova (VS), from Université libre de Bruxelles (ULB), Belgium.
Another sample of DCMIX4 includes a mixture of fullerene (C60)-tet-
ralin-toluene, as the first complex mixture including nanoparticles [8].
The results obtained by measuring this sample are expected to provide
added value and a high impact in this very active research area with so
many applications: advanced manufacturing, health, nanotechnologies
and biotechnology [9]. The study of the cell 4 has been coordinated by
the team headed by M.M. Bou-Ali (MMBA), from Mondragon Goi Eskola
Politeknikoa (MGEP), Spain. The ternary mixture of polystyrene-to-
luene-cyclohexane has been chosen mainly because the two eigenvalues
of the mass diffusion coefficients matrix are expected to be well sepa-
rated, by a factor of about 10, as this mixture includes a polymer as one
of the components, namely the polystyrene, having a much larger
molecular weight than the other two [10-12]. This implies that the time
evolution of the concentration profiles measured by SODI two-
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Table 1

List of liquid mixtures selected for the DCMIX4 cell array. The name of the
coordinator is written after the cell number. Compositions of ternary mixtures
are given in percent mass fractions.

Cell # Component 1 Component 2 Component 3

1 (VS) toluene methanol cyclohexane
20 25 55

2 (VS) toluene methanol cyclohexane
35 25 40

3 (VS) toluene methanol cyclohexane
55 25 20

4 (MBA) fullerene* tetralin toluene
0.07 60 39.93

5 (HB, FC) Polystyrene** toluene cyclohexane
2 39 59

6 (HB, FC) Polystyrene** toluene -
2 98 -

*C60 **MW 4730 g/mol.

wavelength diagnostics will be easier to analyse and interpret, as the
different contributions can be also separated on the basis of their ki-
netics. A binary mixture of polystyrene-toluene completes the cell array
in order to establish reference values for the polymer in a molecular
solvent. The analysis of cells 5-6 has been carried out by the team
headed by H. Bataller (HB) and F. Croccolo (FC) from Université de Pau
et des Pays de I’Adour (UPPA), France. The sample content of all the
cells is detailed in Table 1. For component numbering, a hydrodynamic
approach has been adopted, corresponding to a decreasing order of
density; i.e. component 1 is the denser one and so on.

The liquids are placed into quartz Soret cells of 0.5 ml (5 mm (H) x
10 mm (L) x 10 mm (W)). The smallest dimension is in the direction of
the thermal gradient. These cells are combined in a cell array that
contains five such cells, called primary, with ternary mixtures and one,
called companion cell, with the binary mixture. The cell array was
delivered to the ISS inside the unmanned Cygnus cargo ship launched
by the Antares rocket on 17th November 2018. It was installed inside
SODI on Wednesday 12th December 2018 by the NASA astronaut
Serena Auiion-Chancellor. The first scientific experiment started on
13th December 2018 and the tests continued until 4th March 2019. All
the experiments were handled by the Spanish User Support and
Operations Center (EUSOC) in Madrid. During the campaign, a report
was written on the good progress of the experiment and on the basis of
the downloaded telemetry data [13]. To date, all of the stacks have
been collected and made available to the scientific team. Under the
coordination of ESA, the first task for the scientific team was to assess
the quality of the data in order to identify failing runs and make re-
commendations for future data processing. In this article we report this
work of data quality assessment.

2. Experiment description
2.1. Selectable Optical Diagnostics Instrument

The DCMIX experiments rely on optical probing of refractive index
changes in order to infer time resolved spatial composition changes.
Since ternary mixtures are described by two independent composition
variables, the use of two different readout wavelegths is needed. SODI
consist of a two-color MZI equipped with two lasers operating at
670 nm and 935 nm (designated MR and MN for Moving Red and
Moving Near-infrared) that probes successively the primary cells. For
the binary mixtures there is only one independent composition vari-
able. SODI holds in addition a monochromatic MZI equipped with one
laser operating at 670 nm wavelength (designated FR for Fixed Red
since it only probes the companion cell). The designs of the cell array
and of SODI have already been described in a number of previous
publications [14]. The companion cell can be measured simultaneously

206

Acta Astronautica 176 (2020) 204-215

with and independent from the ternary samples, but it was decided to
do it in parallel with the cell #5 since they had a similar duration of
48 h. SODI is not permanently installed but rather assembled on de-
mand inside the Microgravity Science Glovebox. After arrival of the cell
array on the ISS, the SODI instrument was assembled and the control
was handled by EUSOC.

2.2. Run description

The experimental procedure is the same for primary and companion
cells. The timeline of a typical run consists of six steps of different
duration in accordance with the Experimental Scientific Requirement
(ESR) [15]:

e Unmonitored thermal homogenenisation
e Monitored thermal homogenenisation

e Temperature gradient build-up

e Soret 1

® Soret 2

® Soret 3

At the first step a uniform temperature Ty is applied to a specific cell,
in order to homogenize the sample under investigation by both tem-
perature and concentration. Then the image acquisition system is
switched on and the isothermal condition is checked by MZI. Then, a
temperature difference AT is applied to the sample. As soon as the
temperature difference is established, the three Soret separation steps
begin. The MZI image acquisition rate changes from higher to lower
according to the change from Soret 1 step to Soret 3. At the end of the
Soret separation phase, the thermal gradient is removed and the tem-
perature of the cell is brought back to the ambient temperature. The
duration of the total Soret step (Soret 1+ Soret 2 + Soret 3) has been
estimated on the basis of available literature data, by calculating the
characteristic diffusion time from the smaller eigenvalue of the diffu-
sion matrix. In some cases, when no reference data was available, the
timing was defined with some safety margins. At the end, the runs with
different cells had very different duration, from several hours to a few
days. The experimental run terminates at the end of the Soret 3 step.

2.3. Image logistic

The 5-steps phase-shifting interferometry technique implemented
with SODI, needs in acquiring a set of 5 images phase-shifted by 7/2
between them stored in the so-called “stack” format (.stk). Each stack
filename contains the current cell, laser and timestamp. A selected set of
files in each run was downloaded by telemetry, at the end of the run,
and then delivered to the scientific team by ftp server connexion. Per
run, two housekeeping files (.csv) contain driving current, temperature
of three laser diodes and temperature of the top and bottom blocks of all
six experimental cells. The experiments were monitored by the science
team based on the assessment of the quality of these downloaded
images. In Fig. 2 one can find an example of raw images contained in a
stack. After mission completion all the image data were delivered via
ftp, but in fits format (Flexible Image Transport System) which groups
ten images for cells 1 to 4 (five consecutives images for MN laser + five
consecutives images for MR laser) and fifteen images for cells 5 and 6
(five consecutive images for MN laser + five consecutive images for MR
laser for cell 5 and five consecutive images for FR laser for cell 0). The
total number of fits files received per run and per cell can be found in
Tables 2—-6.

3. Evaluation of optical data
Before extraction of required phase information from interference

images, their quality has to be individually and independently esti-
mated.
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Fig. 2. The set of 5 fringes images for the 1.5 F691@0016_MN_DSC_
190101_074147 _5.stk file (run 5r01, cell #5, laser MN, Temperature gradient
build-up step).

3.1. Image contrast

The contrast of the individual fringe images is an important char-
acteristic of the data quality. But a problem with the contrast is that it
can be determined in many different ways. First, it has to be evaluated
over the part of the image where fringes are well developed. The ESR
recommends for the contrast calculation to crop a central part of the
fringe image with 20% of the width and 60% of the height of the ori-
ginal image [15,16]. We have found though, that to fall into the
transparent Region Of Interest (ROI) of the liquid bulk, this central part
has to be shifted by 100 pixels to the top of the image, as shown in
Fig. 3. For the contrast estimations we have used this position of the
central part, which always falls into cells ROI, for all lasers, cells and
runs.

After selecting the proper ROI, we have tested different options for
the contrast estimation. We started with a basic definition:

_ Imax - Imin

Imax + Imin (1)

where 4, and I, are maximal and minimal grey levels in the central
part of the image, respectively. We have found, however, that such
definition of the contrast provides strongly overestimated values in
many cases. An example demonstrating the problem is shown in Fig. 4.

It clearly follows from the left pane of Fig. 4, that I, and I, levels
automatically detected from the central part of the fringe image (shown
by black dashed lines in the plot) are badly correlated with the vertical
intensity profile taken across the central part. It happens because of
saturated pixels may always be present in the image; and even the
presence of very few of them can shift the top limit higher and the
bottom limit lower, respectively. Another problem in the contrast cal-
culation according to Eq. (1) is that if, by some reason, the minimum
found grey level is I,;;, = 0 (even for a single pixel), the contrast equals
to unity, independently of I, value. To avoid these serious drawbacks
of the basic definition, we suggest an improved definition, according to

Table 2
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which the limiting grey levels are calculated as follows: I, is an
average over 20% of the total pixels counts featuring lowest graylevels.
Inay is an average over 20% of the total pixels counts featuring highest
graylevels, respectively. As it is seen in the left pane of Fig. 4, the im-
proved definition (shown by blue dashed lines) does better match to the
intensity profile of the fringe image. Correlation of the limiting gray-
levels detected according to both definitions with the image histogram
is shown on right pane of Fig. 4.

There exist another way to calculate the contrast, which utilises the
fact that at each pixel of the image the intensity has to pass from
minimum to maximum during the cycle of the laser current steps. In
this method the I;;;, and I,,4, values are calculated pixel-wise from all 5
fringe images of the stack shown in Fig. 5, and then averaged over the
selected region:

N N}
i 1 . Zy ZZ Imax(y’ Z) - Imin(ya Z)
NyN; Imax(y’ Z) + Imin (V, Z)

YTz oy=1 z=1

@

Here Ny is the number of pixels along the horizontal direction in the
central area, and N, the number along the vertical direction. Result of
the maximum and minimum graylevel detection by this method is
shown in Fig. 5.

It seems that this method provides a good estimate for the average
contrast over the stack. After determination of the contrast for each
stack, it can be averaged over a run:

3

where Ns is the number of stacks in a run. For quantitative comparison
of all the listed contrast calculation methods we have compiled the
results of their application in Table 7, taking as a reference the same
stack discussed in Figs. 4 and 5.

A brief overview of Table 7 suggests that the basic definition pro-
vides too optimistic estimates of the contrast, which often reach the
unity value and only weakly reflect the real contrast drops (as seen in
Fig. 5). This optimistic estimate does also lead to the wrong conclusion
about absence of the mode hopping in the stack (since maximum de-
viation from the average contrast does not exceed 20%, according to
this method). On the contrary, the improved definition (similar, but
with the different way of detecting maximum and minimum levels) in
some cases gives the contrast value twice lower; but it seemingly better
reflects the contrast drops in some fringe images, and clearly indicates
the presence of mode hopping during the stack acquisition. This way
may be considered as a conservative estimate of the contrast. Third
method provides an intermediate estimate for the average contrast in
stack, which can be done faster, but it is not able to automatically detect
the mode hopping on the basis of the contrast jumps within one stack.

We have systematically applied first two definitions to screen all the
downloaded “fits” files for all the lasers with respect to the percentage
of stacks affected by the mode hopping. We suggest considering the
run/laser as seriously affected by mode hopping if the total number of

Relevant parameters of the runs on cell 1, ternary mixture of toluene-methanol-cyclohexane in % mass fractions of 20-25-55.

run_# run;p number of “fit” files Soret step duration, h (), K o1y, K tgrad S (AT), K aat, K Espikes> S RMS spikes low frequency alert*
3 1r01 468 24 20.00 0.002 110 2.000 0.004 0.5 n/a n/a

6 1r02 468 24 25.00 0.007 113 2.000 0.012 39.0 n/a n/a

8 1r03 468 24 30.00 0.003 112 2.000 0.007 0 n/a n/a

21 1r04 684 48 20.00 0.002 123 2.000 0.003 0 Y Y

23 1r05 576 36 25.00 0.007 103 2.000 0.013 83.0 Y Y

26 1r06 468 24 30.00 0.003 115 2.000 0.009 4.5 Y Y

43 1r08 270 24 30.00 0.004 110 2.000 0.011 1.5 Y Y

47 1r07 352 48 17.50 0.002 117 2.000 0.003 0 N N

57 1r08d 270 20 17.50 0.002 n/a 0.000 n/a n/a Y N

* band (0.17-0.35) Hz.
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Table 3
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Relevant parameters of the runs on cell 2, ternary mixture of toluene-methanol-cyclohexane in % mass fractions of 35-25-40.

run_# rung, number of “fit” files Soret step duration, h (Ty), K orp, K terad, S (AT), K aat, K Ispikess S RMS spikes low frequency alert*
9 2r01 351 16 20.00 0.002 132 2.000 0.003 0 n/a n/a
11 2r02 350 16 22.50 0.005 90 2.000 0.014 80.0 n/a n/a
14 2r03 351 16 25.00 0.008 110 2.000 0.014 22.0 n/a n/a
17 2r04 302 16 27.50 0.005 104 2.000 0.010 0 n/a n/a
18 2r05 351 16 30.00 0.003 108 2.000 0.007 0 n/a n/a
28 2r06 352 16 20.00 0.002 129 2.000 0.003 0 N Y
34 2r07 352 16 22.50 0.004 107 2.000 0.011 17.5 Y Y
36 2r08 352 16 25.00 0.007 98 2.000 0.015 102.0 Y Y
38 2r09 352 16 27.50 0.006 112 2.000 0.007 1.0 n/a n/a
40 2r10 352 16 30.00 0.004 122 2.000 0.010 3.5 n/a n/a
45 2r11 468 16 20.00 0.002 124 2.000 0.003 0 N Y
48 2r12 270 16 17.50 0.002 135 2.000 0.002 0 Y N
50 2r13 352 24 15.00 0.001 133 2.000 0.002 0 Y N
52 2rl4 424 16 32.50 0.002 144 3.000 0.005 0 Y N
54 2rl5 352 16 35.00 0.002 145 3.000 0.004 0 Y Y
56 2rl6 352 24 13.00 0.001 145 2.000 0.001 0 Y N

* band (0.17-0.35) Hz.

affected stacks exceeds 50%. Summary of the estimates is given in
Table 8.

First, it is evident that the conservative estimate detects much more
affected runs as compared with the optimistic one. While the optimistic
estimate detects 6 run/laser combinations out of 121 in total, the
conservative one finds 28. Second, only MR and FR lasers are found to
be susceptible to the problem. Third conclusion is that the problem is
seemingly not cell-dependent, but rather time-dependent, as there were
some time intervals (between runs #16 ... #28, and #28 ... #40) where
the problem was much less pronounced.

3.2. Phase stepping accuracy

Except the image contrast, which is more related to camera settings,
there is another image characteristic, which is affected by the laser
system. Due to the design of the interferometer, based on phase shift
technique, and the specific way of its implementation, each laser has to
often pass a set of steps with different driving currents. Five fringe
images shown in Fig. 2 are then combined to one phase image. These
dynamic operating conditions may lead to imperfect reproducibility of
lasing regimes.

SODI utilises 5-steps algorithm with the step magnitude of wy = 7/2.

Table 4

As a result, the periodic intensity profiles taken from individual fringe
images of the same stack are evenly shifted with respect to each other
such that 5th profile does coincide with 1st one. The usual approach for
image analysis is to transform the 5 consecutive images for a laser at a
given time stamp to one single phase image. This processing has suc-
cessfully been implemented for DCMIX1 [2,17] and DCMIX2 [5]. There
exists a broad literature on different algorithms for such image pro-
cessing (usually defined as phase-shifting or phase-stepping inter-
ferometry), so one can choose the most suitable algorithm for the data
at hand. One common algorithm for such a problem, also used for
DCMIX1 and DCMIX2 data, is a variation of the “Hariharan's” algorithm
[18]:

Dy, 2) = arctan[ 7y — b) ]

4L — L — 6L — I, + 45 4)

Here @ is the phase at the pixel of horizontal coordinate y and
vertical coordinate z and I, = I (y, 2),, is the two-dimensional intensity
information of the mth image in the group of 5. Due to the arctangent,
these phase values ® are wrapped to the interval — 7 to + 7. Therefore,
a so-called phase unwrapping procedure has to be applied, which shifts
the phase data to construct a continuous phase information. Due to the
common nature of all experiments based on phase-shifting

Relevant parameters of the runs on cell 3, ternary mixture of toluene-methanol-cyclohexane in % mass fractions of 55-25-20.

run_# run;p number of “fit” files Soret step duration, h (Ty), K o1y, K torads S (AT), K oaT, K Espikes> S RMS spikes low frequency alert®
1 3r03 269 12 25.00 0.005 140 5.000 0.004 0 n/a n/a
4 3r01 270 12 20.00 0.005 126 5.000 0.014 0 n/a n/a
10 3r02 269 12 22.50 0.003 137 5.000 0.007 0 n/a n/a
12 3r04 270 12 27.50 0.006 141 5.000 0.004 0 n/a n/a
15 3r05 270 12 30.00 0.004 135 5.000 0.010 0 n/a n/a
19 3r07 270 12 35.00 0.002 155 5.000 0.003 0 n/a n/a
20 3r06 190 12 32.50 0.003 130 5.000 0.011 0 n/a n/a
24 3r06r 270 12 32.50 0.005 122 5.000 0.012 17.0 Y Y
30 3r08 270 12 20.00 0.004 121 5.000 0.014 0 N Y
31 3r09 270 12 22.50 0.004 134 5.000 0.007 0 Y Y
32 3r10 270 12 25.00 0.006 136 5.000 0.004 0 N N
35 3rll 270 12 27.50 0.006 143 5.000 0.003 0 N N
37 3rl2 270 12 30.00 0.003 143 5.000 0.007 0 N Y
39 3rl13 270 12 32.50 0.004 126 5.000 0.014 0 N N
41 3rl4 270 12 35.00 0.002 134 5.000 0.005 0 Y Y
44 3rl5 468 12 17.50 0.002 143 5.000 0.003 0 N N
46 3rl6 270 12 15.00 0.002 141 5.000 0.003 0 N N
51 3rl7 1650 16 13.00 0.002 142 5.000 0.002 0 Y Y
53 3r18 306 16 14.00 0.002 141 5.000 0.002 5.5 Y N
55 3rl9 306 12 37.50 0.002 156 5.000 0.003 0 N N

* band (0.17-0.35) Hz.
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Relevant parameters of the runs on cell 4, ternary mixture of fullerene-tetralin-toluene in % mass fractions of 0.07-60-39.93

run_# rung, number of “fit” files Soret step duration, h (Ty), K orp, K terad, S (AT), K aat, K Ispikess S RMS spikes low frequency alert*
2 4r01 467 24 25.00 0.016 123 5.000 0.023 0.5 n/a n/a

5 4r02 466 24 30.00 0.010 131 5.000 0.011 0 n/a n/a

7 4r03 468 24 35.00 0.003 142 5.000 0.005 0 n/a n/a

22 4r04 468 24 20.00 0.012 103 5.000 0.035 1.0 N Y

25 4r05 468 24 25.00 0.012 118 5.000 0.025 1.0 Y Y

27 4r06 468 24 30.00 0.010 121 5.000 0.009 0 Y Y

29 4r07 468 24 35.00 0.003 141 5.000 0.005 0 Y Y

42 4r08 352 24 20.00 0.013 102 5.000 0.035 4.0 Y Y

* band (0.17-0.35) Hz.

interferometry, this problem is widely known in the literature and
many different approaches for phase-unwrapping exist.

As a result, the optical phase obtained from the set of 5 periodic
intensity distributions by one of well established algorithms has to take
a smooth (and in case of DCMIX, locally linear) shape. Examples of
unwrapped phase can be seen in Fig. 6 on the right panels. In the case of
violation of the phase step stability, this even spatial shift of the fringes
intensity is disturbed, and the reconstructed optical phase distribution
does notably deviate from the local linearity. While it is in principle
feasible to detect exact relative phase step for each fringe image, this
information does not have an explicit correlation with the resulting
optical phase quality. We decide therefore to define the error on the
phase calculation as the standard deviation ocye of the difference
AD = d,, — Dy, between unwrapped experimental phase and its
linear interpolation. In scientific requirements the threshold criteria for
the phase error estimate are formulated as relative. Thus, the standard
deviation of the phase has to be related to a total phase difference,
which was not explicitly defined. After some tests we have found
however, that a quality criteria can be introduced, formulated as the
percentage of the standard deviation to 3 phase steps ratio:
Qps = %100% ©

To illustrate the credibility of the proposed estimate we have se-
lected some samples from a run that is least affected by contrast jumps
(to avoid an interference with the mode hopping). Selected images of
this run, featuring different values of the phase stepping quality, are
presented in Fig. 6. The intensity profiles, calculated phase distribution
and the quality estimate are done for a short vertical segment with
length covering 3 phase steps and located in the center of the central
part of the image (the ROI used for all image quality estimations). The
raw intensity profiles presented on left side of Fig. 6 are slightly filtered
to facilitate the visual localization of the extrema.

Obviously, the quality parameter Qps with magnitude less than 1.2%
does correspond to almost linear phase distribution, with RMS gy only
twice larger than a typical phase noise in interferometric measure-
ments. Another threshold of 4% corresponds to approaching a limit

Table 6

where even accurate phase unwrapping may become difficult or even
impossible. Interestingly, the phase steps in the last case shown in Fig. 6
were so messy that even the sign of the phase variation has been
changed.

The complete information for all runs ordered chronologically is
given in Fig. 7. The runs which Qps < 1.2% can be characterized as
having good quality images and runs for which Qps < 4% have sa-
tisfactory quality. By screening all runs/lasers combinations we have
found that the stacks of MR laser have been affected by the phase
shifting errors most seriously. For MN laser the number of stacks per
run which surpass the minimum threshold of 4% has never exceeded
1%, while MR laser in a set of runs produced more that 25% of stacks
violating the minimum threshold. These runs are 4r02, 2r04, 2r05,
3r07, 3r06, 2r12 and 2r16 are the ones closest to the horizontal dotted
line in Fig. 7.

3.3. Optical saturation

Images recorded by SODI have a resolution of 1920 X 1080 pixels
(Fig. 3) by laser and by camera, with 256 intensity graylevels per pixel.
Too many saturated pixels in the white or the black can lead to a loss of
information. According to ESR, this number must not exceed per image
in the white and the in black a minimum of 5%, with an optimum of
1%.

For all the images we have verified that the optimum of 1% is
reached on the white saturation. In the central part of the images, we
verified that the mimimun of 5% was reached on the black saturation.

4. Temperature control

Stability of the thermal regulation is one of the important char-
acteristics in a thermodiffusion experiment. We have carefully ex-
amined it over all the runs of DCMIX4 experiment. A typical tempera-
ture record of one run is shown in Fig. 8.

The record of an experiment combines readings from two sensors
incorporated in the top and bottom plates of the cell, and in the

Relevant parameters of the runs on cell 5, ternary mixture of polystyrene-toluene-cyclohexane in % mass fractions of 2-39-59 and in parentheses on the cell 6, binary

mixture of polystyrene-toluene in % mass fractions of 2-98.

run_# run;p number of “fit” files Soret step duration, h (Th), K orgs K tgrad, S (AT), K oat, K Espikes> S RMS spikes low frequency alert*
13 5r01 1647 48 20.00 0.006 117 5.000 0.018 21.5 n/a n/a
(20.00) (0.004) 117) (5.000) (0.014) 0)
16 5r02 1482 48 25.00 0.007 138 5.000 0.004 11.5 n/a n/a
(25.00) (0.007) (138) (5.000) (0.004) 0.5)
33 5r03 1650 48 30.00 0.003 141 5.000 0.007 0 Y Y
(30.00) (0.003) (142) (5.000) (0.007) 0)
49 5r04 1650 48 35.00 0.003 139 5.000 0.006 0 Y Y
(35.00) (0.004) (134) (5.000) (0.007) 0)
58 5r02r 1650 48 25.00 0.005 151 5.000 0.004 0 Y Y

(25.00) (0.006)

(149) (5.000) (0.004) 0)

* band (0.17-0.35) Hz.
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Fig. 3. Selection of the central part of the fringe image for MR (left) and FR (right) lasers. Stack #20 of the thermalization step of the run 5r01.

DCMIX4 experiment it consists of three temporal parts: (1) thermali-
zation step (interval from 0 to 24 h in Fig. 8), (2) short gradient build-
up step, and (3) Soret step (interval from 24 to 60 h in Fig. 8). We did
not characterize the records of individual sensors; instead, we looked at
the behaviour of the more important composite parameters, like the
mean temperature, T = (T,p + Tpo1)/2, and the temperature difference,
AT = T,,p — Tp. In Tables 2-6, we present values of the averaged mean
temperature (Tp), and its standard deviation oy, calculated over com-
plete run duration by cell. In the same manner we characterize the
averaged temperature difference (AT), and its standard deviation or,
but calculated over Soret step only. We also calculated an exact dura-
tion of the transition (gradient build-up) step. It is another important
parameter, as this duration should be as short as possible to obtain
cleaner results. The principle of determining the transition time fyq is
presented in Fig. 9. It is calculated as a time between the depart of the
record from the RMS interval around the mean temperature and the
time instant when it enters the RMS interval around (AT). The corre-
sponding points are marked by black crosses in Fig. 9.

It is seen in Table 2-6 that this transition time was relatively short in
all runs, varying from 1.5 to 2.5 min. The most crucial problem is the
stability of the temperature difference over the Soret step. In addition to
the temperature jitter appearing due to the active thermal regulation
and characterized by RMS of AT, there are also some disturbances,
short in time, but with larger amplitude, so called spikes or surges. Such
spikes may completely corrupt the data from images which are falling
in the same time interval. For all the runs we have calculated total time
duration covered by such spikes during the Soret steps. The way of
calculating the time of a spike is illustrated in Fig. 10. We first define a
safety margin for the temperature difference, §(AT), and calculate the
cumulative time during which the record is running out of this margins.

As a primary measure of the margin we took ten times RMS of the
temperature difference, 100y7. But since the RMS was elevated in many
runs (see Tables 2-6), we applied an additional limit, 2% of AT. Thus,
the complete definition of the margin is § (AT) = min{10cxr, 0.02AT}. It
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Fig. 5. Determining the contrast by all 5 fringe images of stack. Inq and Ly,
graylevels are obtained by averaging over the plotted vertical intensity profiles.
The raw data are taken from the same stack as in Fig. 4. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

is seen from Tables 26, that even in worst cases the time of Soret steps
disturbed by the temperature surges does not exceed 100 s, which limits
the probability for the images to be corrupted due to thermal dis-
turbances. At the same time, many runs feature relatively high thermal
jitter, oar > 0.01K. It is important to note that a comparative analyses of
RMS (oa7) in different cells did not provide any preference between the
cells. However, we noticed that the increase in RMS depends on days
and is most likely associated with activity on the ISS.

5. Vibrational characterization

Because of a limited amount of data available for post-flight analysis

—— histogram of central part
=== {lmax: Imin}, ESR definition
4000 . .
=== {Imax. Imin}. improved definition
3000
]
s
=
S 2000 1
1000 -
0
0 50 100 150 200 250
graylevels

Fig. 4. Determining of I,ox and I,;, grey levels for the contrast estimation. Correlation of these levels with the vertical intensity profile along vertical center line of the
central part of the fringe image (left) and with the histogram of the central part (right). Run 4r01, MR laser, stack #118 (Soret 1 step), raw #2. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Results of the contrast calculation according to different methods. Run 4r01, MR laser, img#118 (soretl step).

Calculation method raw 1 raw 2 raw 3 raw 4 raw 5 average max. dev, % mode hopping
ESR 0.74 1.00 0.93 0.71 1.00 0.88 19 no

Improved 0.34 0.81 0.67 0.30 0.89 0.60 49 yes
Stack-averaged n/a n/a n/a n/a n/a 0.82 n/a n/a

Table 8
List of run/laser combinations which are seriously affected by mode hopping
(more than 50% of stacks affected), according to different definitions of the
contrast.

run_# run;p laseryp ESR Improved
1 3r03 MR +
2 4r01 MR + +
5 4r02 MR + +
6 1r02 MR +
8 1r03 MR +
9 2r01 MR +
10 3r02 MR +
11 2r02 MR +
12 3r04 MR +
13 5r01 MR +
13 5r01 FR +
14 2r03 MR + +
15 3r05 MR +
16 5r02 MR +
16 5r02 FR +
28 2r06 MR +
40 2r10 MR +
43 1r08 MR +
44 3rl5 MR + +
45 2r11 MR + +
47 1r07 MR +
48 2rl12 MR +
49 5r04 FR +
50 2r13 MR +
55 3r19 MR + +
56 2rl6 MR +
57 1r08d MR +
58 5r02r FR +

and the absence of possibility to repeat the experiment, it is important
to clarify all unknown sources of errors. Perturbations of some micro-
gravity experiments is usually attributed to the effect of the residual
accelerations environment. The recent study [19] showed the daily
onboard environment of the ISS does not interfere with diffusion con-
trolled experiments. However, the transient (pulse-like) acceleration of
external forces (docking, orbit correction, etc.) may affect the diffusion-
controlled processes depending on the duration of the pulse [20,21].
Regularly, accelerometric data are analyzed only for a few runs per
experiment [22,23].

To carry out the vibrational analisys we used acceleration data
coming from the nearest sensor to the experiment, the es09006. This
sensor was located inside the Microgravity Science Glovebox (Destiny
module). The raw acceleration signals, with a sampling rate of 142 Hz
and a cut-off frequency of 6 Hz, were freely downloaded from
PIMS NASA website (https://gipoc.gre.nasa.gov/wp/pims/home/).
Additional information about the various events occurred during dif-
ferent runs were provided us by the EUSOC, who made a preliminary
evaluation of the signal completion. In Tables 2-6, one can find details
related to the sensor operation. Note, the acceleration data of the first
20 runs were unavailable and the signals corresponding to the runs
2r09 and 2r10 were also incomplete. This high insufficiency rate is
aggravated because all runs had a missing data interval when passing

from one day to another. The signal recordings were systematically
stopped during 10 min after midnight. The available accelerometric
information of the whole DCMIX4 experiment is thus incomplete and
contains only 59%. Note that the acceleration signals of the last ten
runs, between 18th February and 4th March, were recorded with a
sampling rate of 500 Hz and filtered at 200 Hz. A complementary low-
pass filtering was then effected to homogenize all signals preserving
frequency information below 6 Hz.

Digital signal processing techniques used to analyse all available
data were systematically applied minute by minute covering both time
and frequency domain. The first approach in time domain was the 1-
min Root Mean Square (RMS) acceleration. This RMS highlights the
oscillatory content of the acceleration signal, readily visualizing large
sudden variations against the mean value or spikes. In previous works
we have identified a warning spike when its RMS value exceeds 20% of
the mean of all RMS values of the signal [24]. In these cases, the ex-
perimentalists should take them into account when interpreting
doubtful experimental results, if any. Tables 2-6, indicate the runs in
which spikes were detected. The Power Spectral Density (PSD) and
warning maps based on the RMS values evaluated over one-third octave
frequency bands [24,25] were used. As the signals were filtered to 6 Hz,
this characterization focuses on the low frequency range which it is
known to be the most harmful for the thermodiffussion experiments.
RMS warning maps are two-dimensional tools that quickly visualize if
the ISS vibratory limits were surpassed all along the experiment. Tables
2-6 show all problematic low frequency ranges for the analyzed runs.

6. Summary and conclusions

As part of the 4th campaign on the DCMIX project, thermodiffusion
experiments on 3 compositions of the toluene-methanol-cyclohexane
ternary mixture, on a mixture of fullerene-tetralin-toluene and on a
mixture of polystyrene-toluene-cyclohexane have been performed in
microgravity conditions on board the International Space Station. A
binary mixture of polystyrene-toluene has been filled into the compa-
nion cell for the campaign. In order to obtain the temperature and the
concentration fields in the cells, a two-wavelength Mach-Zehnder in-
terferometer (MR and MN lasers) has been used for the ternary mixtures
and a monochromatic Mach-Zehnder interferometer (FR laser) for the
binary mixture. Precisely, the 5-steps phase-shifting interferometry
technique which is implemented with SODI, with 7/2 stepping has been
utilized in SODI.

A total of 58 runs of various durations and at different mean tem-
peratures have been conducted. The experiments in the companion cell
were carried out in parallel with the polymeric ternary mixture since
they had a similar duration of 48 h. Prior to any determination of dif-
fusion and Soret coefficients, the quality of the recorded measurements
must be evaluated. In order, we have analyzed the contrast of the in-
terferograms, the regularity in the step shifting magnitude, the stability
in the thermal regulation and the level of environmental disturbances
on board the space station during the campaign.

Based on the Michelson contrast definition, we have tested different
possibilities, distinct in a way of I,;, and I, determining. The
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Fig. 6. Determining of the quality in the phase shift. Examples are taken from run 2r05, MR laser, Soretl step, stacks #26, 30, 58 and 29 (from top to bottom). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

212



A. Mialdun, et al.

Number of stacks in %

Acta Astronautica 176 (2020) 204-215

run idendification

Fig. 7. Number of stacks in % over all the dowloaded “fit” files in the entire run for which Qps < 1.2% (filled red squares for MR laser, filled blue triangles for MN
laser, filled black circles for FR laser) and Qps < 4% (empty red squares for MR laser, empty blue triangles for MN laser, empty black circles for FR laser). (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 8. Full temperature record of run 1r05. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)

approach, proposed here, allowed us to characterize the contrast, and
its jumps within a stack of interferograms (lasers mode hopping) more
accurately. We have found 28 run/laser combinations affected out of
121, and which are listed in Table 8. Another important observation is
that only MR and FR lasers are prone to this problem. It was also noted
that the problem, apparently, does not depend on the cell, but rather
depends on the time, since some time intervals were determined.
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To characterize the quality of the phase stepping, we make use of
the fact of a local linearity (continuity and absence of extrema) of the
optical phase observed in DCMIX experiments. The phase stepping
problem is immediately recognized as a violation of the linearity. Then,
an obvious estimate is a magnitude of deviation from an interpolation
line. Based on this principle, we have suggested a phase-stepping
quality parameter, quantitatively consistent with the experimental
scientific requirements. The threshold, corresponding to 4% magnitude
of the parameter, marks a limit when the optical phase reconstruction
by the phase-stepping becomes impossible. After screening of all runs,
we have identified seven runs where more than 25% of the stacks do
violate this threshold. For these runs we recommend to use algorithms
based on the analysis of a single image for the optical phase
extraction. The FR laser shows a decrease in the stepping quality on its
last run.

Stability of the thermal regulation is one of the important characteristics
in a thermodiffusion experiment. Using the temperature records, we esti-
mated the mean temperatures, the applied temperature differences and
their standard deviations. There are conform to the expected values with a
stability of the mK. The durations of the gradient build-up were relatively
short in all runs, varying from 1.5 to 2.5 min. The temperature differences
were stable to one hundredth of Kelvin, with small spikes that did not ex-
ceed 2 min and only for 3 runs. Sudden disturbances during the runs were
detected and pointed out in Tables 2-6. All these effects are therefore
perfectly negligible for DCMIX4 experiment.

Due to the inherent mode of operation of the ISS, vibrations at low
frequencies are present in all experiments on board the space station.
Exceeds within the ISS authorized limits were also identified in Tables 2-6.
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are plotted dashed green while the corrupted part of the record is painted black.
(For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

The raw DCMIX4 data will be available for public access as from
June 2020 connecting to the address https://hreda.esac.esa.int/
hreda/#/pages/home and following the instructions.
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