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Abstract We report on thermodiffusion experiments
conducted on the International Space Station ISS dur-
ing fall 2016. These experiments are part of the DCMIX
(Diffusion and thermodiffusion Coefficients Measure-
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ments in ternary Mixtures) project, which aims at es-
tablishing a reliable data base of non-isothermal trans-
port coefficients for selected ternary liquid mixtures.
The third campaign, DCMIX3, focuses on aqueous sys-
tems with water/ethanol/triethylene glycol as an ex-
ample, where sign changes of the Soret coefficient have
already been reported for certain binary subsystems.
Investigations have been carried out with the SODI (Se-
lectable Optical Diagnostics Instrument) instrument,
a Mach-Zehnder interferometer set up inside the Mi-
crogravity Science Glovebox in the Destiny Module of
the ISS. Concentration changes within the liquids have
been monitored in response to an external temperature
gradient using phase-stepping interferometry. The com-
plete data set has been made available in spring 2017.
Due to additionally available measurement time, it was
possible to collect a complete data set at 30 °C and an
almost complete data set at 25 °C, which significantly
exceeds the originally envisaged measurements at a sin-
gle temperature only. All samples could be measured
successfully. The SODI instrument and the DCMIX ex-
periments have proven reliable and robust, allowing to
extract meaningful data even in case of unforeseen laser
instabilities. First assessments of the data quality have
revealed six out of 31 runs with some problems in image
contrast and/or phase step stability that will require
more sophisticated algorithms. This publication docu-
ments all relevant parameters of the conducted experi-
ments and also events that might have an influence on
the final results. The compiled information is intended
to serve as a starting point for all following data evalu-
ations.
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Preface

This contribution is dedicated to our colleagues and
dear friends Jean Claude Legros and Jean Karl Plat-
ten, who sadly passed away in 2017. Their fundamental
works in the fields of nonequilibrium thermodynamics,
fluid mechanics and microgravity research paved the
way for modern advances in diffusion and thermodiffu-
sion research and provide a continuous source of inspi-
ration for our efforts.

1 Introduction

The complexity of diffusion and thermodiffusion pro-
cesses in multicomponent liquid mixtures grows rapidly
with the number of components. While binary mixtures
are readily described by two independent coefficients, a
Fickian and a thermodiffusion coefficient, ternary mix-
tures already require six: the four members D;; of the
2 x 2 diffusion matrix and two thermodiffusion coeffi-
cients D’Tyi7 where 7, 7 = 1, 2 index the two independent
components. Since the total flux must vanish due to
mass conservation, the two independent flux densities
of a ternary mixtures are

J1 = 7PD%71VT - pD11V01 - pD12VC2 (1)
J2 = 7pr/1~72VT - pD21Vcl - ,ODQQVCQ (2)

with p being the fluid density and ¢; the weight fraction
of component 4 [1]. Ounly in the binary case are the dif-
fusion and thermodiffusion coefficients independent of
the frame of reference [2].

Most systems of practical relevance, be it crude oil
reservoirs [3] or biological systems, are truly multicom-
ponent and typically contain a larger number of con-
stituents. Because of the many degrees of freedom, a
quantitative treatment of such systems with, say, ten
components appears hopeless. In this context, ternary
mixtures play an important role as model systems. They
are still manageable but already show many features
characteristic for truly multicomponent systems, such as
reverse, osmotic, and cross diffusion.

Because of the associated experimental difficulties,
most research on thermodiffusion has been concerned
with binary mixtures with water/ethanol as a classical
example [4-6]. Except for some early experiments [7-9],
extensive thermodiffusion measurements on ternary
mixtures have started only recently, with the DCMIX
(Diffusion and thermodiffusion (befficients Masure-
ments in ternary Mxtures) project acting as nucleus for
most of today’s research activities.

The DCMIX project is an international cooperation
of several research groups with ESA and ROSCOSMOS
to conduct thermodiffusion experiments with ternary
liquids in the microgravity environment aboard the ISS.
It is the first comprehensive effort to establish a set of
reference data guaranteed to be free of gravitational
perturbations. Such gravitational instabilities in multi-
component mixtures with temperature gradients can be
both of thermal and compositional origin and may per-
turb on long time scales even an initially stable strat-
ified fluid in thermodiffusion experiments [10]. Due to
the additional possibility of cross diffusion, ternary mix-
ture are less predictable and even more prone to this
kind of perturbations than binaries.

DCMIX is organized into four measurement cam-
paigns, each focusing on particular ternary systems.
The aim of DCMIX1, carried out in 2012, was the es-
tablishment of a firm basis for ternary mixtures of the
hydrocarbons dodecane, isobutylbenzene, and 1,2,3,4-
tetrahydronaphthalene. The binary mixtures composed
of these compounds are the most-thoroughly studied bi-
nary thermodiffusion reference mixtures and have be-
come known as the so-called Fontainebleau benchmark
systems [11-23]. The DCMIX1 mixtures are sometimes
regarded as a model for crude oil, containing linear and
ring aliphatics as well as aromatic hydrocarbons.

Two years later, in 2014, DCMIX2 comprised five
ternary mixtures of toluene, methanol, and cyclohex-
ane, which is a ternary mixture that shows a miscibil-
ity gap and a critical point in a certain region of the
composition space [24-27]. This system is of particular
interest, since it is known from binary mixtures that
the Soret coefficient diverges on approach of a conso-
lute critical point [28,29].

DCMIX3, the mission discussed in this contribu-
tion, was flown in 2016 and is coordinated by the team
from Bayreuth (in the following called Pl-team). In
this mission, aqueous mixtures of water (H20), ethanol
(EtOH), and triethylene glycol (TEG) have been mea-
sured [30-32]. The sample compositions are listed in
Tab. 1. The DCMIX3-mixtures represent the first aque-
ous system, and sign changes of the Soret coefficient are
to be expected and have already been reported for the
binary subsystem water/ethanol [4,5]. The optical con-
trast factors have been determined by the group from
Brussels [30,31].

The presumably last campaign, DCMIX4, is sched-
uled for 2018 and is presently in preparation. The sam-
ples are three additional DCMIX2-mixtures, a nanofluid
and a polymer in a mixed solvent.

Originally scheduled for 2014, DCMIX3 was set back
by the explosion of the unmanned transport vehicle
Cygnus CRS Orb-3 only a few seconds after lift-off,
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Table 1 Sample compositions of DCMIX3. All concentra-
tions are given in mass fractions. Cell 6 is the companion cell
with the binary mixture

cell cH,0 CEtOH CTEG
1 0.20 0.20 0.60
2 0.33 0.33 0.33
3 0.25 0.60 0.15
4 0.75 0.15 0.10
5 0.50 0.10 0.40
6 0.85 0.15 0

resulting in a complete loss of the DCMIX3 samples
aboard the capsule. After the fabrication of a new cell
array, the samples arrived at the ISS in July 2016 with
SpaceX CRS-9 and the measurements were successfully
completed on the 17th of November 2016. Only a small
subset of the data was downlinked in real time in order
to judge the quality of the measurements. The full data
set was stored on flash disks that were brought down
to Earth aboard SpaceX CRS-10 and is now available to
the science team. The DCMIX3 cell array was de-
stroyed in the atmosphere in the disposal flight of the
Cygnus CRS OA-7 in June 2017.

In the following, we will focus on the documenta-
tion and preliminary assessment of the raw data gath-
ered during the campaign, quality criteria applied to
the data, and the application of evaluation methods
first designed for ground-based Optical Beam Deflec-
tion (OBD) experiments. Section 2 contains the details
of the DCMIX experiment and the raw data sets, in-
cluding image processing and phase reconstruction, and
lists all carried out measurements. Section 3 then de-
fines the relevant quality criteria and gives an overview
of the quality of the full data set.

2 Experiment
2.1 Selectable Optical Diagnostics Instrument

The DCMIX experiments rely on optical probing of re-
fractive index changes in order to infer time resolved
spatial composition changes. Since ternary mixtures are
described by two independent composition variables,
this involves the use of two different readout wave-
lengths together with sufficiently different refractive in-
dex dispersions of the constituents.

All DCMIX experiments utilize SODI (Selectable
Optical Diagnostics Instrument), which is a two-color
Mach-Zehnder interferometer equipped with two lasers
operating at 670 nm and 935nm (designated MR and
MN for Moving Red and Moving Near-infrared) and
a modular cell array with the samples (see Fig. 1).
The latter contains five ternary samples and one bi-

nary control sample in the so-called companion cell.
This companion cell can be measured simultaneously
with and independent from the ternary samples utiliz-
ing another laser of 670 nm wavelength (designated FR
for Fixed Red) in order to detect possible perturbations
that could affect the measurements.

optical module cell array

mirror

FEE—

beam-splitter

Fig. 1 Schematics of SODI, a Mach-Zehnder type interfer-
ometer used for DCMIX measurements. The movable optical
module shown here contains the lasers, optical components
and a CCD camera and is mounted on a rail. By moving it lat-
erally along the cell array, up to five sample cells with different
compositions can be probed. The fixed module, containing
only one laser for a binary control sample, is not shown.

SODI is not permanently installed but rather assem-
bled on demand inside the Microgravity Science Glove-
box (MSG). The MSG provides power, thermal and
control interfaces and an additional containment level,
which is of particular importance for experiments us-
ing volatile fluids aboard the ISS. SODI comprises the
following main components (see Fig. 1):

1. afixed optical module, housing the FR laser with
interferometric optics and CCD camera

2. amovable optical module, housing the MR /MN lasers
with interferometric optics and CCD camera

3. the cell array containing five ternary cells and one
binary companion cell

4. the SODI main controller and electronics

5. a bottom plate containing the mechanisms and re-
lated electronics

The optical modules are designed as Mach-Zehnder
interferometers. The laser beams are expanded in order
to illuminate the entire sample cell and to record a spa-
tially resolved 2D interference pattern on the CCD cam-
era with a resolution of 1920 x 1080 pixels (Fig. 3 top).
The protocol of the thermodiffusion experiments is to
prepare an initial equilibrium state and then rapidly
switch to a state with a constant temperature gradi-
ent across the bulk liquid. This temperature step is fol-
lowed by much slower mass (thermo)diffusion. Both the
temperature and the concentration changes result in re-
fractive index changes, which are converted into phase
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changes recorded by the interferometer as a time series
of interferograms.

The cell array and the flash disks to store the data
are the only parts that need to be brought to the ISS.
The cell array is custom-built for every DCMIX cam-
paign and has to be assembled and filled on ground. The
cell design is shown in Fig. 2. Its general layout is similar
to Soret diffusion cells used in laboratory experiments.
The sample fluid is contained between two parallel cop-
per plates and encompassed by a glass frame. The high
thermal conductivity of the copper plates guarantees a
uniform heat transfer. On top of the plates, Peltier el-
ements provide the necessary heating/cooling power to
establish a constant temperature gradient between the
plates. Sensors inside the plates provide temperature
data for the regulation of the gradient.

<— Peltier element

~——sensor hole

compensation
volume

sample volume

» optical axis
“~Quartz glass

O-rings

10 mm i

Fig. 2 Schematics of a sample cell. The sample volume of
10 x 10 x 5mm? is sandwiched between two copper plates.
Peltier elements on top of the plates are used to establish a
temperature gradient.

2.2 Phase data extraction

The interferometric measurements detect a phase change
Agp of the light of wavelength A traversing the sample
of length L that results from a refractive index change
An:

2rL
Ap = T An (3)
A
In a two-color experiment, the refractive index change
An; at the wavelength A; results from the changes Ac;

of the two independent concentrations:

2

L o .
Anl Z (BEj)T,Ck;éj AC] (4)

j=1

The 2 x 2 contrast factor matrix (9n;/ 6cj)T7Ck#j needs
to be measured separately in laboratory experiments.
Phase shifts resulting from the temperature gradient
are treated in an analogous way and are neglected for
the moment. Their contributions can be separated due
to the much faster heat than mass diffusion, correspond-
ing to Lewis numbers Le = Dy /D ~ 102 of liquids [33].
Here, D;;, and D are the thermal and the mass diffu-
sivity.

Phase-stepping interferometry [34] is used to deter-
mine the phase for every pixel in the recorded image.
Four consecutive phase steps of 7/2 are implemented
by tiny variations of the laser wavelength by means of
current tuning, resulting in five consecutive images that
are stored in a common image stack (STK) file. The so-
called wrapped phase i can be evaluated using a modi-
fied version [35] of the equation proposed by Hariharan
[36]:

()

1 = arctan < T — 1) )

4y — I, — 61y — I3 + 41,4

Here, I,,, = I(z,y)n is the two-dimensional intensity in-
formation. Due to the arctan-function, 1 is still wrapped
into the interval (—m, 7] (Fig. 3 middle).

Phase unwrapping is a well-known problem in phase-
stepping interferometry, and many different algorithms
have been proposed to remove the phase ambiguity [37].
Due to its simplicity, while still producing acceptable
results, we chose a slightly modified version of the al-
gorithm first proposed by Itoh [38]:

0(j) = @(0) + Y _P[ABlp@)]] , je[lL,N]  (6)

i=1

with

Alp()] = (i) — ¢(i = 1)
Plp(i)] = 9 (i) = p(i) + 27k(i)

Here, j denotes the current pixel along a row of
length N, in the wrapped phase image calculated from
Eq. (5). Every row is evaluated independently. This al-
gorithm is rather fast but sensitive to artifacts in the
wrapped phase image. To minimize this problem, we
select the starting point ¢(0) not at the image border,
which is prone to artifacts, but slice every image into
four quadrants, taking the innermost pixels as indepen-
dent starting points. Typically, the center of the image
is free from artifacts and therefore a good starting point
for unwrapping.

Before the phase data can be extracted as described
above, the images are cropped and rotated in order to
exclude regions outside the sample volume and to align
the horizontal border of the image to the plates of the

keZ
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Fig. 3 Top: A two-dimensional interferogram as recorded by
the CCD camera for the MR laser. This image is taken from
experimental run 01 in cell 1. All images are recorded with a
resolution of N, X N, = 1920 x 1080 pixels. Middle: Resulting
wrapped phase image from applying Eq. (5) to five consecu-
tive interferograms. Between each interferogram, a artificial
phase step of 7/2 is introduced. Bottom: Color-coded image
of unwrapped phase Ap(z,y,t), after ROI selection and ref-
erence image subtraction.

cell. This rotation guarantees that the y-axis of the im-
age is parallel to the direction of the temperature gra-
dient (Fig. 3 bottom). After these preparatory steps,
the images are of identical rectangular shape, correctly
aligned and ready for processing. A reference image is
subtracted from every unwrapped phase image, since
the individual phase values are only meaningful when
compared to an initial state. For all evaluations, we
chose the first image in an experimental run as reference
image, at a time when the sample is still homogeneous
and without temperature gradient.

As shown in Fig. 3, a slight misalignment of the cell
array caused a crop of the region of interest (ROI) by five
percent in cell 1 and by three percent in cell 2. All other
cells are fully covered. Since this slight loss of
information is not detrimental for the determina-tion of
the transport coefficients, no further action was taken.
Any realignment attempt would only have con-sumed
valuable measurement time without a guarantee for
success.

2.3 Experiment timeline

All samples were prepared from liquids of high purity:

ethanol absolute 99.5%, extra dry, AcrOSeal®(CAS:
64-17-5) from Acros Organics (lot: 1545382, product
code: 397690025); triethylene glycol 99% (CAS:
112-27-6) from Acros Organics (lot: A0364772, product
code: 139590025); de-ionized and filtrated water
(resistivity 18.5 MQcm, 0.22 pm PAK-filter) retrieved
from a Mil-lipore Milli-Q®ltration station.

After the complete loss of the samples in 2014 and
the fabrication of a new cell array by QinetiQ Space
(Belgium), preparations for a new launch (DCMIX3b)
started in April 2016 with the mixing of the samples by
the PI team. Special care had to be taken to remove any
residual gases from the liquids by a freeze-pump-thaw
technique in order to prevent bubble formation inside
the cells. After filling of the cell array at the QinetiQ
Space facilities, visual inspection of the six cells showed
clean samples without any bubbles or other pollutions.

Following experiences from DCMIX2, which suffered
from leakages due to insufficient chemical resilience of
the sealing material, the DCMIX3Db cell array was sealed
with Kalrez® O-rings. Extensive compatibility tests
had shown significantly less sorption when compared
to Chemraz® used during DCMIX2 [39)].

The new DCMIX3b samples were transported to
the ISS aboard SpaceX CRS-9 on the 18th of July
2016. With the availability of experiment time for MSG,
checkout operations started on the 13th of September.
Operations were conducted by NASA astronaut Kath-
leen Rubins, the crew of the Spanish User Support and
Operations Center (E-USOC) in Madrid, engineers of
QinetiQ Space, as well as the PI team. A first assess-
ment performed by E-USOC after the assembly of SODI
proved that cells 1, 2, 4, and 5 were in good condition
and ready for measurement.

Unfortunately, a bubble had formed inside cell 3
(Fig. 4). It was not immediately clear, whether this
bubble resulted from dissolved gases in the liquid or
from leakage. During operations a continuous growth
could be observed, indicating some amount of leakage.
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The estimated bubble volume as measured from the im-
ages of cell 3 is plotted in Fig. 5. The volume V' grows
approximately linearly with time and an extrapolation
back to V' = 0 leads to a date around the end of Au-
gust for the start of the bubble formation . At this time
the cell array had already arrived at the ISS and was
waiting for integration into SODI.

Fig. 4 Cell 3 during checkout operations. A bubble is clearly
visible on the top plate near the center of the sample volume.
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Fig. 5 Volume growth of the bubble in cell 3.

To mitigate the impact of the bubble on experi-
ments, several tests were performed in order to trig-
ger some movement or size change. These experiments
showed that the bubble could be forced out of the visi-
ble cell volume (probably into the compensation volume
above the filling hole, see Fig. 2) by heating the cell to
30°C. Since Marangoni convection at the bubble-liquid
interface can easily spoil the results in an unforeseeable
way, only one attempt was made to perform measure-
ments for cell 3 at 25 °C in the presence of the bubble.
All further measurements for cell 3 were conducted at
a mean temperature of 30 °C.

After all mandatory runs had been completed, the
time available for the so-called nice-to-have runs was

used to measure all other cells also at 30 °C. Hereby, a
complete data set for all cells could be obtained for this
elevated temperature. The initially considered nice-to-
have runs with longer evolution times for the steady
state were skipped in favor of the complete data set at
30°C.

After completion of the setup and the optical check-
out, the actual measurements lasted from the 19th of
September until the 22nd of November 2016, resulting
in a total of 31 experimental runs. Since the generated
data amounted to almost half a terabyte, downlinking
of the complete data set was not possible. The flash disks
with the data had to be removed from the main
controller unit and brought back to ground for anal-ysis.
A backup of all the science data was copied in an
external hard drive that remained on board. The data
arrived on the 19th of March via SpaceX CRS-10 and
were sent to E-USOC for readout. The integrity of the
data was verified, so the on board backup was no longer
needed. In June, the complete data set was made
available to the science team. All quality assess-ments
presented in section 3 refer to the complete data sets.

The mean temperatures and the temperature differ-
ence between hot and cold side are summarized for all
runs in Tab. 2. The timing for all runs was identical to
the one defined for the mandatory run in the ESA do-
cument DCMIX3 Ezxperiment Scientific Requirements
(ESR) (Tab. 3). It comprises a thermalization time of 21
hours at the mean sample temperature T (unmon-itored
and monitored thermalization), the build-up of the
temperature gradient with a high acquisition fre-quency
for 10 minutes followed by three so-called Soret-phases
with different acquisition frequencies of 19:50 hours in
total. At the end there is a one hour moni-tored cooling
down period. The diffusion phase, during which the
equilibrium concentration is restored, has not been
recorded due to time constraints.

3 Assessment of data quality
3.1 Image contrast

As expressed by Eq. (5), phase calculation is performed
on a per pixel basis and relies on the intensity variation
of the individual pixels during phase stepping. Since the
phases of all pixels are shifted simultaneously by, ideally,
7r/2 this also results in a shift of the 2D fringe pattern in
the direction normal to the fringes. Relevant changes in
intensity should only stem from these fringe shifts and
not from e.g. variations of the camera sensi-tivity or the
laser intensity between the interferograms.
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Table 2 Mean temperature Tp, applied temperature difference ATy and standard deviations 6T for all runs. 67 ,_ describe
the standard deviation of the temperature on the hot/cold plate. The standard deviation is calculated after the gradient has
stabilized and describes the mean deviation from the temperature setpoint. Values in parentheses refer to the binary companion

cell. Runs in chronological order.

Run Cell T, /°C AT, /°C &Ty /°C §T_ / °C

5 5  25(25) 5 (5) 0.0029 (0.0024)  0.0018 (0.0020)
4 4 25 5 0.0222 0.0020

2 2 25 5 0.0033 0.0019

1 1 25(25) 5(5) 0.0032 (0.0022 )  0.0020 (0.0022)
10 5 25 5 0.0031 0.0018

9 4 25(25) 5 (5) 0.0223 0.0020

6 1 25 5 0.0031 0.0020

3 3 30(25) 5(5) 0.0026 (0.0022)  0.0061 (0.0022)
14 4 25 5 0.0232 0.0020

7 2 25(25) 5 (5) 0.0031 (0.0022)  0.0019 (0.0021)
15 5 25(25) 5 (10) 0.0029 (0.0026)  0.0018 (0.0006)
12 2 25 5 0.0031 0.0018

11 1 25(25) 5 (10) 0.0029 (0.0026)  0.0021 (0.0006)
20 5 25 5 0.0029 0.0019

8 3 30(25) 5(5) 0.0025 (0.0022)  0.0062 (0.0020)
16 1 25 5 0.0027 0.0019

13 3 30(25) 5 (10) 0.0025 (0.0026)  0.0063 (0.0006)
19 4 25(25) 5 (10) 0.0233 (0.0025)  0.0020 (0.0006)
18 330 5 0.0022 0.0021

17 2 25(25) 5 (10) 0.0025 (0.0024)  0.0019 (0.0006)
20a 5 30 5 0.0030 0.0052

21 4 30(30) 5 (5) 0.0071 (0.0021)  0.0062 (0.0050)
22 2 30 5 0.0029 0.0044

23 1 30(30) 5 (5) 0.0025 (0.0025)  0.0058 (0.0049)
24 5 30 5 0.0022 0.0048

25 2 30(30) 5 (5) 0.0026 (0.0026)  0.0045 (0.0047)
26 4 30 5 0.0072 0.0061

27 5 30(30) 5(5) 0.0026 (0.0023)  0.0045 (0.0050)
28 1 30 5 0.0022 0.0054

29 4 30(30) 5 (5) 0.0071 (0.0022)  0.0063 (0.0050)
30 2 30 5 0.0027 0.0060

Table 3 Timing of the individual runs. The acquisition fre-
quencies are for the images and for the temperatures and
TEC (thermo electric cooler, Peltier elements) data. The to-
tal on-time of the temperature gradient is 20 hours.

description duration AT acquisition
[hh:mm:ss] frequencies [Hz|

unmonitored 20:00:00 off -/1

thermalization

monitored 01:00:00 off 0.01/1

thermalization

temp. gradient 00:10:00 on 0.05/5

build-up

Soret 1 00:50:00 on 0.04/1

Soret 2 04:00:00 on 0.01/1

Soret 3 15:00:00 on 0.005/1

monitored 01:00:00 off 0.01/1

cooling down

Thus, the contrast stability between the five images of
an image stack can serve as a quality criterion.

Some images showed problems in contrast stability
during operations as demonstrated in Fig. 6. In order
to identify significantly affected runs, we calculate the
mean Michelson contrast Cj; of an entire run as an av-

erage over the Michelson contrasts C%; of the individual

image stacks ¢ = 1... Ng:

1 Qs
Cym = EZ% (7)
- S A L (7, >—Inr (2,9)
01 — max 1N )
M NIN;; ; ; Ima:v Imzn(xvy)

N, and N, refer to the 20% x 60% central region of the
cropped and rotated images as defined in the ESR. The
coordinates (z, y) identify the individual pixels and Ny is
the total number of image stacks within one run.
Inaz(z, y) and Ipin(x, y) are calculated for every pixel
among the five images of every stack. Fig. 7 shows the
Michelson contrast averaged over all runs. The MR and
MN lasers exhibit good contrast in all runs, the contrast
of the FR laser drops prominently in runs 08, 13, 19
and 17. The problems resulting for phase calculation
in these runs were evident during operations, as many
phase images showed distortions not apparent in the
RAW images.
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Fig. 6 Histograms from run 17. The MN and MR lasers
shows a stable contrast behaviour with similar histograms
of the five RAW images of a stack. The FR laser shows a
strong deviation from the bimodal distribution expected from
a sinusoidal interference pattern.

3.2 Phase stepping

The drop in contrast discussed above can account for
distorted phase information in runs 08, 13, 19 and 17.
But in particular phase images acquired with the MR
laser also showed distortions, e.g. sudden jumps in the
unwrapped phase image, even during runs with good
contrast values (see Tab. 4). Thus, additional factors

apart from image contrast are decisive for a successful
phase calculation.

In the temporal phase shifting method applied with
SODI, a regular phase step of 7/2 is assumed. Varia-
tions of the phase steps between individual RAW im-
ages directly lead to errors in the calculated phase. As
a quantitative measure an estimation of the phase steps
is necessary. Again, this problem is well studied in the
literature, and different estimation methods have been
proposed over the years. Due to its simplicity, we chose
the Carre phase estimation algorithm [40], which es-
timates the average phase step wqy from four intensity
values Iy ... I3:

3(I1 — ) — Iy + I
tan(wo/Q):\/ (101—1—112)—120—133 (8)

Eq. 8 is applied to a single pixel from four consecutive
images in an image stack. The phase step wy is then av-
eraged over the entire image plane and over all stacks in
a run in the same way as the Michelson contrast in Eq.
7. This algorithm can only estimate the average step,
but it cannot make predictions about individual phase
steps between images. Nevertheless, the algorithm is
sufficient to give some indication for overall problem-
atic phase stepping behaviour. Since it uses only four
images, it can be applied either to images Iy — I3 or to
I, — I from the SODI image stacks. Results for all runs
are visualized in Fig. 8 and summarized in Tab. 4.

The consequences of poor phase stepping are demon-
strated in Fig. 9. It shows a preliminary data evaluation
based on the slope of the phase gradient (lower picture
in Fig. 3) in the center of the cell. The difference be-
tween run 01 (MN) and run 05 (MR) is evident. The
latter suffers from severe perturbations, which is also re-
flected in its apparently too large phase step wg = 0.63 7
as compared to the almost perfect value wg = 0.49 7 for
the noise-free run 01 (MN). Luckily, the informa-tion
contained in the SODI images and phase stacks contains
sufficient redundancy and the phase gradient can also be
reconstructed from the spatial variations of the fringe
patterns without loosing any of the affected runs.

3.3 Temperature control

An important parameter for all thermodiffusion exper-
iments is the temperature control. Since the refractive
index n(T, ¢; ) depends on both the temperature 7" and
the concentrations c; , one has to rely on the different
timescales of heat and mass diffusion to separate these
contributions. Ideally, the temperature difference is ap-
plied with a Heaviside step function, observing the evo-
lution of the temperature and the concentration fields



Title Suppressed Due to Excessive Length

0.9 A

ril

T
o
Q.
=
3
< 0.7 1
R t
: t
E +
S 0.6
C
o
0
205+
g ® MR
MN
041 o

o

050402011009060314071512112008161319181720a21222324252627282930
Run #

Fig. 7 The averaged Michelson contrast Cas (see Eq. (7)) of all experimental runs performed during DCMIX3 operations
(runs are sorted in chronological order). Error bars are taken from the averaged standard deviation of all image stacks in one
run. The FR laser shows strong deviations of the contrast, with Cps dropping below a critical threshold of 0.5 during runs 08,

13, 19 and 17.
0.75 ® ® MR
-or ® o MR
. * MN
S # o MN
= * * * FR
E 0 e e T # » FR
0
o ° ° °
5 ___*_'Q'_g _______ O-—==- ; _____ § " C___._g_.__f_*' _______________
v ® o ) % °
E * > B *.‘gﬁ_Bo 5Ol z0 :éﬁn | -R.
s 050 F=====grfF=-==--- S w=yww T ygwe - =y ‘;— rE-S-5--
______________________ A e e e e e e o e e e e
*

050402011009060314071512112008161319181720a21222324252627282930
Run #

Fig. 8 The estimated phase step of all experimental runs, as calculated according to Eq. (8). Closed symbols represent values
calculated from images Ip — I3, open symbols to values from images I1 — I4. The dashed lines mark a deviation of +1/167
from the desired phase step of 0.57, which translates to about one percent error in the phase calculation [40].

within the sample on longer time scales. This necessi-
tates a precise temperature control, able to switch a
temperature gradient on short timescales, but also to
keep this gradient stable on long timescales.

The temperature control is implemented via Peltier
elements on the top and bottom of the cell. To maximize
the thermal conductivity, while minimizing corrosion
due to the long-term exposure to chemicals, the cells are
made from nickel-plated copper (see also Fig. 2). Tem-

perature sensors allow to implement a proportional-
integral-differential feedback loop for temperature con-
trol. The sensors are sampled with 1 Hz (5 Hz during the
temperature build-up phase) and the readouts are
stored together with the image data. A calibration of
this feedback loop was performed after the cell array
had been inserted into SODI.

Fig. 10 shows the temperature profiles for the hot
and the cold plate of cell 4 during run 04. The char-
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Table 4 Michelson contrast Cjs; and estimated phase step wg for all runs and lasers. The FR laser always probes the binary
companion cell 6. Runs in chronological order. The runs with low SNR are marked by an asterisk. Runs 8, 13, and 18 are affected
by a bubble in cell 3.

MR MN FR
Run Cell | Cym wo /T low SNR | Cum wo /T low SNR | Cum wo /T low SNR
5 5 0.80 0.63 / 0.64 * 0.80 0.58 / 0.60 * 0.86 0.54 / 0.52
4 4 0.77 0.58 / 0.57 * 0.82 0.54 / 0.55
2 2 0.82 0.53/0.54 0.84 0.50 / 0.51
1 1 0.78 0.53 / 0.55 0.85 0.49 / 0.50 0.85 0.54 / 0.52
10 5 0.81 0.63/0.63 * 0.79 0.58 / 0.59 *
9 4 0.82 0.52 / 0.52 0.85 0.50 / 0.51 0.77 0.53 / 0.53
6 1 0.79 0.54 / 0.56 0.85 0.50 / 0.50
3 3 0.88 0.50 / 0.50 0.85 0.49 / 0.51 0.73 0.51 / 0.54
14 4 0.85 0.51 /0.51 0.85 0.50 / 0.51
7 2 0.85 0.51 / 0.52 0.85 0.49 / 0.50 0.67 0.41 / 0.54
15 5 0.83 0.59 / 0.59 * 0.81 0.54 / 0.55 0.64 0.44 / 0.50
12 2 0.84 0.53/0.51 0.85 0.49 / 0.51
11 1 0.81 0.54 /0.52 0.86 0.49 / 0.50 0.64 0.53 /0.55
20 5 0.85 0.56 / 0.54 0.84 0.51 /0.52
8 3 | 087 049051 (bubble) | 0.85 050/051 (bubble) | 0.44 0.69 /0.77 *
16 1 0.81 0.62 / 0.52 0.85 0.49 / 0.50
13 3 | 0.88 0.50/051 (bubble) | 0.85 050 /0.51 (bubble) | 0.43 0.65/0.75 *
19 4 0.78 0.54 / 0.56 * 0.83 0.52 / 0.52 0.42 0.64 / 0.64 *
18 3 [ 073 056/051 (bubble) | 0.72 050 /051 (bubble)
17 2 0.84 0.54 / 0.52 0.85 0.50 / 0.51 0.43 0.66 / 0.67 *
20a 5 0.86 0.54 / 0.53 0.85 0.50 / 0.51
21 4 0.86 0.55 / 0.50 0.86 0.50 / 0.51 0.65 0.71 / 0.64 *
22 2 0.87 0.56 / 0.51 0.87 0.50 / 0.51
23 1 0.85 0.68 / 0.51 0.87 0.49 / 0.50 0.79 0.57 / 0.53
24 5 0.87 0.51 /0.53 0.86 0.50 / 0.51
25 2 0.86 0.52 / 0.54 0.87 0.50 / 0.51 0.83 0.51 /0.52
26 4 0.83 0.50 / 0.48 * 0.87 0.51 /0.52
27 5 0.88 0.51 /0.51 0.87 0.50 / 0.51 0.85 0.52 / 0.52
28 1 0.85 0.69 / 0.50 0.88 0.50 / 0.51
29 4 0.82 0.59 / 0.50 0.87 0.51 / 0.52 0.84 0.51 /0.52
30 2 0.87 0.53 /0.49 0.87 0.50 / 0.51

acteristic switching time constant is on the order of
22 seconds. The temperatures are stable and show no
significant deviations, except for Peltier number 9 on
cell 4. This Peltier element showed noticeable fluctu-
ations at frequencies between 0.01 and 0.1 Hz during
runs 4, 9, 14 and 19. Run 4 is shown as an example in
Fig. 10. Since the sample itself acts as a low pass filter,
this high frequency noise is sufficiently suppressed and
does not negatively affect the final signal. Tab. 2 gives
a summary of the temperature stability by listing the
standard deviation of the temperature readings after
gradient buildup. Curiously, the noise level for Peltier
9 drops significantly for all runs executed with a mean
temperature of Ty = 30 °C.

3.4 Vibrational characterization

The long duration of the individual runs made an accu-
rate characterization of its accelerometric history par-
ticularly valuable in order to assess potential impacts
of disturbances on the quality of the experimental re-

sults. Nevertheless, this characterization is only com-
plementary, because the presence of disturbances does
not necessarily imply their subsequent influence on the
data quality. To achieve this purpose, information com-
ing from different sensors located at different places of
the same module or even in different modules of the
ISS has be used. All sensor data have been downloaded
from the PIMS NASA website [41]. Details of the dif-
ferent events accounted for in all runs were provided by
the Spanish USOC, which remotely operated the exper-
iment [42].

A detailed analysis of vibrations during DCMIX2
and DCMIX3 has been given in Refs. [43,44] The math-
ematical characterization of the acceleration signals is
based on an accurate minute by minute evolution of
the different magnitudes such as, for instance, the root
mean square (RMS), the spectral entropy (SEN), and
the frequency factor index (FFI). The last two quanti-
ties have recently been introduced in the literature as
new techniques for the characterization of acceleration
signals. The Shannon entropy allows to study the reg-
ularity of the power distribution in time for a specific
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signal and has the same sensitivity against disturbances
as the RMS. A particular advantage of using the spectral
entropy as a signal disturbance indicator is that the
contributions of different frequency bands could be
explicitly considered with the aim of observing their specific
changes [43, 44].

As an example, Figure 11 presents the RMS and
SEN evolution for the three acceleration components of
run 23. There is a good correlation between the spikes
detected by these two different techniques. The FFI
defined in Ref. [44] is a scalar indicating a logarith-mic
relationship between the absolute maximum of the
power spectral density (PSD) of the whole frequency
range with respect to the relative maximum PSD value
for a predefined low frequency range. Hgh values indi-
cate little influence of the above mentioned low frequen-
cies on the ongoing run. Finally the minute by minute
RMS contribution over each one of the one-third octave
bands was also considered in order to compare with
NASAs International Space Station vibratory limit re-
quirements. It should be mentioned that for frequencies
above 13 Hz the microgravity mode condition is always
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Fig. 10 The temperature profiles for Peltier 9 and 10 dur-
ing run 04 in cell 4. Top: entire run. Bottom: zoom of the
temperature step.

accomplished and no warnings appear in any DCMIX3
run.

3.5 Other events

During operations some notable events were logged.
The most important one is a shift of the camera po-
sition during run 08. Between images taken at 14:46
and 14:49, there is a permanent shift of the visible cell
volume by 40 pixels to the left. Since the cell array
itself is fixed and the perturbation did not affect the
companion cell, the most plausible explanation is a dis-
placement of the movable camera module and, hence,
the camera position. Analysis of acceleration data pro-
vided by sensors inside MSG confirmed that this shift is
correlated with a short but intense low-frequency jitter
[44]. This jitter, as well as the shift in camera position
are deemed non-detrimental for the data quality and
analysis. The position shift can be easily accounted for
and influences on the diffusion processes are not likely
due to the short duration of the jitter.
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Other notable events logged during SODI opera-
tions refer to incomplete image stacks, which contain
less than five images. Also, all stack files were com-
pressed to save disk space and some ZIP files were cor-
rupted (see Tab. 5). Since a complete run consists of
typically 630 stacks, these can be neglected as singular
events.

Table 5 A list of all problematic files in the data set. This
includes corrupted ZIP files as well as stacks with less than 5
images.

Run Corrupted files
3 11.0_778C@Q0027_FR_-DSC_160928_201648_0.stk
11.3_778C@0027_MR_DSC_160928_220323_6.zip
4 11-4_ E6A9@0027_-MN_DSC_160920-194323_0.zip
5 11_5_E2FD@0027_MN_DSC_160920_.002258_6.zip
11 11.0-99D0@0027_FR_-DSC_161006-161826_0.zip
15 11.5_.05D3@0037-MR_DSC_161004_-232405_6.zip
17 11.0_.0EA9@0027_FR-DSC_161020-070033_0.stk
11_2_.0EA9@0027_MR_DSC_161020.181713_10.zip
23 11_1_CB9E@0027_-MN_DSC_161103-234247_3.zip
24 11_5_A2F0@0004_MN_DSC_161107_.080754_10.zip
27 11.0_.B287@0025_FR_-DSC_161115_075834_0.zip

4 Summary and conclusions

We have reported on the DCMIX3b campaign aboard
the ISS with the aim to measure ternary diffusion, ther-
modiffusion and Soret coefficients of ternary mixtures

composed of water, ethanol and triethylene glycol. Af-
ter the samples had successfully been delivered to the
ISS, the measurements were completed in November
2016, and the data stored on flash disks were made
available to the science team in June 2017. First as-
sessments were already made during the measurement
campaign. They were based on a small subset of the
data that was downlinked in real time and could be
refined after the full data set became available.

Besides some minor problems, like a small number
of corrupted data files, temperature noise and a shift
of the image position caused by an unknown event, two
major problems could be identified: the occurrence of
a bubble in cell 3 and laser instabilities during phase
stepping. The bubble continued to grow, but it was at
least possible to perform one bubble-free measurement
with cell 3 at an elevated temperature of 30 °C. In order
to have one complete set of measurements for all cells at
the same temperature, the nice-to-have runs were used
to measure all cells at this elevated temperature. Invalid
runs could be avoided almost completely by accurate
planning and fast decision-making. Thus, a complete
data set at 30°C and an almost complete data set at
25 °C, containing all cells except cell 3, are now available
for further studies.

The laser instabilities have severely perturbed a sig-
nificant number of runs and in several cases a straight-
forward data evaluation based on a temporal phase
stepping analysis appears not feasible. Nevertheless, we
are confident that meaningful information can also be
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extracted from the affected data sets, and we are cur-
rently developing a protocol to extract refractive index
gradient information from single images without resort-
ing to temporal phase stepping algorithms.

The information compiled in this document should
serve as a starting point for any scientist working on the
DCMIX3b data and also help to prepare the forth-
coming DCMIX4 experiment as well as planned micro-
gravity experiments on nonequilibrium fluctuations in
multicomponent mixtures [45,46].
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