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Abstract 

Steady-state measurements in a thermogravitational microcolumn using optical digital 

interferometry are presented here for the first time in the literature in the case of ternary 

mixtures. These measures enabled the subsequent obtaining of thermodiffusion 

coefficients of a ternary mixture once convection reaches the steady-state. The ternary 

mixture used was the benchmark one, tetrahydronaphthalene (THN) – isobutylbenzene 

(IBB) and n-dodecane (nC12) with mass fraction of 0.8-0.1-0.1 respectively. Contrast 

factors due to the change in the concentration field were measured and compared with the 

corresponding ones in the literature. Uncertainty in the results was found to be of similar 

order of magnitude as in the case of Selectable Optical Diagnostic Instrument (SODI), 

which means that the condition number of that contrast factor matrix is almost equal to 

the present one. Final values of thermodiffusion coefficients were compared with the 

results reported from other optical techniques, as well as with the results obtained by the 

traditional long opaque thermogravitational columns (TGC). Some proposals were then 

made in order to improve accuracy reducing the condition number of the contrast factor 

matrix. 

 

Introduction 

Thermodiffusion plays an important role in many technological and biological processes 

of separation (Bou-Ali et al 1998; Kozlova et al. 2016; Khouzam et al. 2012; Martin-

Mayor et al. 2018). Most of the systems found in nature are multicomponent but only the 

simplest, the ternary ones, will be the focus of this work. In the literature, it is possible to 

find many data about thermodiffusion in the case of binary mixtures (Lapeira et al. 2018; 

Šeta et al. 2019a; Šeta et al. 2020; Ning et al. 2006; Lapeira et al. 2016; Lapeira et al. 

2017), while the interest in ternary mixtures recently started (Larranaga et al. 2014a; 

Blanco et al. 2010; Selechynh et al. 2013, Šeta et al. 2019b). Experimental techniques 

capable of measuring thermodiffusion/Soret coefficients in these ternary systems are, 

Optical Digital Interferometry (ODI) (Mialdun et al. 2013), Optical Beam Deflection 

Technique (OBD) (Königer et al. 2010), Rayleigh-Bénard configuration (Larre et al. 



1997) and thermogravitational techniques (TGC) (Leahy-Dios et al. 2005). All those 

techniques are applied on earth laboratories and their results compared with the ones 

obtained by the SODI instrument in the International Space Station under microgravity 

conditions (Ahadi et al. 2016; Galand et al. 2016; Bou-Ali et al. 2015; Mialdun et al. 

2019).  

In the case of thermogravitational techniques, traditional opaque thermogravitational 

column is used to determine thermodiffusion coefficients in the ternary mixtures (De 

Mezquia et al. 2012; Larranaga et al. 2014b; Errarte et al. 2019). Analysis with traditional 

column combined measurements of refractive index and density along column height in 

the steady state after mixture sampling. Nevertheless, in this work an optical digital 

interferometry is proposed for the first time to analyze thermodiffusion in microcolumn 

for ternary mixtures via in situ and non invasive analysis. In this way, new methodology 

opens possibility to analyse signal in both transient and steady state regime. For this 

article, focus is only on the steady-state measurements. Once the separation in the 

microcolumn reached the steady-state, the vertical differences between the refractive 

indexes of two different wavelengths have been used to evaluate the vertical difference 

of concentration and consequently the thermodiffusion/Soret coefficient (Naumann et al. 

2012). The new analysis has some advantages over the traditional one including, i) easier 

evaluation of the transient part of the separation process, ii) small sample size –which is 

especially important in case of rare and biological fluids- and iii) no need for sampling 

extraction perturbing the flow conditions in the mixture, iiii) it enables analysis along all 

the height of the column. However the validation of the thermodiffusion coefficients in 

the ternary systems is a much more complex issue than in the binary ones, due to several 

problems inherent to the measures in the optical properties which strongly deviate the 

coefficients. For that reason, to obtain thermodiffusion/Soret coefficient we have used 

our own experimental data but also other optical properties of the different groups 

(Mialdun et al. 2017).  

 

Experimental details  

The dimensions of the thermogravitational microcolumn used are d = 0.51mm, L =

30mm and b = 3mm, where d is the gap between walls on which temperature is 

imposed, h the height along which the concentration difference is measured and b is 

breadth of column. This means that the microcolumn has an aspect ratio 𝐴 =
𝐿

𝑑
≈ 60 and 

a small volume, nearly 50 μL. Figure 1 displays the microcolumn used on the left side, 

while traditional thermogravitational column is shown in the middle where sample 

extractions are obligatory for the determination of thermodiffusion coefficients. In order 

to validate the results of this new technique, the benchmark tetrahydronaphthalene (THN) 

/ isobutylbenzene (IBB) / n-dodecane (nC12) mixture was used with values of mass 

fraction 0.8 / 0.1 / 0.1. Purity of chemicals used was for THN (purity, 98+%), IBB (purity, 

99%) and nC12 (purity, 99%). Filling has been done manually, slowly introducing liquid 

into microcolumn from the bottom to the top using 2 ml syringes. Injection was carried 



out carefully in order to avoid formation of bubbles in the liquid. In the manuscript THN 

will be considered as 𝑐1, IBB as 𝑐2 and nC12 as 𝑐3. This choice was due to its gravitational 

stability, since all binary pairs exhibit positive Soret behaviour, but also due to the 

possibility to compare the thermodiffusion coefficients with other groups that used non-

convective techniques (OBD and ODI) in Earth conditions and with SODI in 

microgravity conditions. Finally a He-Ne red laser with 633 nm wavelength and an 

Excelsior Diode-pumped blue laser with 473 nm wavelength were used for measurements 

in optical digital interferometry.  

 

Figure 1: Visual appearance of microcolum (left), traditional thermogravitational column 

(middle) and sketch of microcolumn (right) 

Experimental methodology 

The most important step in the evaluation of the thermodiffusion coefficients using 

optical techniques is the determination of the contrast factors. In order to determine them, 

we measured the refractive index of different mixtures with slightly different 

concentrations around the mean concentration of 0.8/0.1/0.1 for different wavelengths. 

This concentration has been bolded in the Table 1. As an example, Table 1 shows the 

density and refractive indexes on two wavelengths obtained for twenty five mixtures. 

References (Blanco et al. 2010; Leahy-Dios et al. 2005) explain in detail how the contrast 

factors are obtained in the traditional long opaque thermogravitational columns.  

 

Mass 

fraction 

of THN 

Mass 

fraction 

of IBB 

 

 Mass 

fraction 

of nC12 

ρ (density) 

[kg/m3]  

nD (refractive 

index, λ=633nm) 

nD (refractive 

index, λ=480nm) 

0.8797 0.0607 0.0596 940.728 1.523634 1.538062 

0.8597 0.0806 0.0597 938.064 1.522497 1.536877 



0.8403 0.0997 0.0601 935.717 1.521348 1.535679 

0.8198 0.1203 0.0599 933.172 1.520210 1.534492 

0.7993 0.1400 0.0608 931.257 1.519039 1.533264 

0.8592 0.0608 0.0800 934.985 1.520637 1.534831 

0.8393 0.0807 0.0799 932.849 1.519621 1.533789 

0.8203 0.1000 0.0798 930.328 1.518673 1.532807 

0.8021 0.1185 0.0795 928.242 1.517316 1.531385 

0.7788 0.1401 0.0811 925.821 1.516051 1.530048 

0.8390 0.0599 0.1011 930.050 1.517598 1.531568 

0.8195 0.0799 0.1006 927.060 1.516589 1.530535 

0.8002 0.1000 0.0999 925.348 1.515588 1.529486 

0.7762 0.1235 0.1002 922.871 1.514242 1.528082 

0.7607 0.1395 0.0997 920.503 1.513614 1.527429 

0.8195 0.0609 0.1196 924.792 1.514937 1.528712 

0.8001 0.0800 0.1199 922.519 1.513841 1.527566 

0.7786 0.1003 0.1211 920.032 1.512547 1.526219 

0.7592 0.1213 0.1196 917.521 1.511591 1.525225 

0.7400 0.1407 0.1194 915.460 1.510791 1.524397 

0.7996 0.0613 0.1391 918.783 1.512244 1.525828 

0.7790 0.0814 0.1395 917.232 1.510987 1.524502 

0.7607 0.0996 0.1397 914.783 1.509992 1.523474 

0.7389 0.1207 0.1404 912.579 1.508743 1.522160 

0.7203 0.1407 0.1390 910.344 1.507871 1.521250 

Table 1: Density and refractive index measurements for 25 different mixtures around 

benchmark composition of 0.8/0.1/0.1 on wavelengths 633nm and 480nm 

The difference between these procedures and the ones used in the present work is related 

with the level of information extracted of the experiment. In traditional columns, the 

sample extraction at certain number of points enables the simultaneous measurement of 

the density and the refractive index at one wavelength. On the contrary, in the present 

case, the experimental data is related with the refractive index only. 

Specifically, in the microcolumn, planes of refractive index values can be obtained for a 

wavelength 𝜆, with a0, a1, a2  the calibration fitting parameters, as a function of the mass 

fractions c1, c2 are mass fractions of the two independent components in Eq. 1. 



𝑛(𝜆) = 𝑎0 + 𝑎1𝑐1 + 𝑎2𝑐2     (1) 

The mass fraction of the third dependent component is found simply by c3=1-c1-c2. As an 

example Fig. 2 and Fig. 3 show the refractive index values along different compositions 

obtained for the two different wavelengths. Finally the values of the corresponding 

contrast factors can be simultaneously evaluated from the slopes of these planes. In the 

present work we also measured contrast factors for the rest of the available wavelengths 

in the Anton Paar multiwavelength refractometer. The values of the plane fitting 

parameters for each value can be found in Table 2. 

 

Figure 2: Fitting plane with experimental points from Table 1 at the wavelength of 633nm. 

CIBB and CTHN axes represent mass fraction of isobutylbenzene and tetrahydronaphthalene 

respectively. 

 



Figure 3: Fitting plane with experimental points from Table 1 at the wavelength of 480nm. 

CIBB and CTHN axes represent mass fraction of isobutylbenzene and tetrahydronaphthalene 

respectively. 

 

 

Wavelength (nm) 𝑎0 𝑎1 𝑎2 R2 

436 1.400 0.1589 0.10020 0.9995 

480 1.397 0.1534 0.09617 0.9996 

513 1.396 0.1500 0.09352 0.9996 

547 1.395 0.1474 0.09145 0.9996 

589 1.393 0.1448 0.08943 0.9996 

633 1.393 0.1427 0.08779 0.9996 

655 1.392 0.1418 0.08707 0.9996 

Table 2: Fitting parameters for the refractive index function at 25°C 

Refractive index field, can then be transformed into concentration in such a way  

𝜕𝑛𝑖

𝜕𝑧
= (

𝜕𝑛𝑖

𝜕𝑇
)

𝑝,𝑐𝑖

𝜕𝑇

𝜕𝑧
+ ∑ (

𝜕𝑛𝑖

𝜕𝑐𝑘
)

𝑝,𝑇,𝑐𝑗≠𝑘

𝜕𝑐𝑘

𝜕𝑧

𝑁
𝑘=1      (2) 

by using the contrast factors (
𝜕𝑛𝑖

𝜕𝑐𝑘
)

𝑝,𝑇,𝑐𝑗≠𝑘

. In the case of microcolumn, 
𝜕𝑛𝑖

𝜕𝑇
= 0, as the 

temperature gradient is established in other direction and not z. Eq. (2) is simplified and 

applied to ternary mixtures into 

𝜕𝑛1

𝜕𝑧
= (

𝜕𝑛1

𝜕𝑐1
)

𝑝,𝑇,𝑐2

𝜕𝑐1

𝜕𝑧
+ (

𝜕𝑛1

𝜕𝑐2
)

𝑝,𝑇,𝑐1

𝜕𝑐2

𝜕𝑧
    (3) 

𝜕𝑛2

𝜕𝑧
= (

𝜕𝑛2

𝜕𝑐1
)

𝑝,𝑇,𝑐2

𝜕𝑐1

𝜕𝑧
+ (

𝜕𝑛2

𝜕𝑐2
)

𝑝,𝑇,𝑐1

𝜕𝑐2

𝜕𝑧
    (4) 

In the matrix form along the height of the column (z) it can be written as: 

(∆𝑛1
∆𝑛2

) = (

𝜕𝑛1

𝜕𝑐1

𝜕𝑛1

𝜕𝑐2

𝜕𝑛2

𝜕𝑐1

𝜕𝑛2

𝜕𝑐2

) (∆𝑐1
∆𝑐2

)   (5) 

with the values of the matrix easily obtained from Eq. (1). In order to calculate the 

concentration field, it is necessary to use the inverse of the contrast factors matrix. 

(∆𝑐1
∆𝑐2

) = (

𝜕𝑛1

𝜕𝑐1

𝜕𝑛1

𝜕𝑐2

𝜕𝑛2

∂𝑐1

𝜕𝑛2

𝜕𝑐2

)

−1

(∆𝑛1
∆𝑛2

)      (6) 

It is important to mention now that since our refractometer cannot directly determine 

contrast factor values for wavelength of our blue laser (473nm), it is necessary to make 



an interpolation from the obtained values. To do such interpolation, the procedure 

explained by (Mialdun et al. 2017) is followed. This procedure correlates the change in 

the refractive index and contrast factors with a change in the wavelength by Cauchy 

dispersion. For the THN-IBB-nC12 mixture, it is concluded that the first two terms are 

enough to describe the change. So, it can be written  

𝑛(𝜆) = 𝐴𝑛 +
𝐵𝑛

𝜆2        (7) 

𝜕𝑛

𝜕𝑐𝑖
(𝜆) = 𝐴𝐶𝐹 +

𝐵𝐶𝐹

𝜆2   (8) 

where Eqs. (7) and (8) describe the refractive index and contrast factor changes along 

different wavelengths respectively. 𝐴𝑛, 𝐵𝑛 are the Cauchy dispersion fitting coefficients 

related with the fitting of refractive index values while 𝐴𝐶𝐹 and 𝐵𝐶𝐹 with the fitting 

contrast factor values. In particular, black lines in Figs. 4, 5 and 6 represent the Cauchy 

dispersion fitting using A, B values from the Table 3. Red line also represents the Cauchy 

dispersion fitting but using the procedure inside (Mialdun et al. 2017). Using our fitting, 

we can finally estimate the contrast factors at both working wavelengths. Final contrast 

factors values are compiled in the Table 4. 

 

Figure 4: Refractive index of ternary mixture THN(0.8)-IBB(0.1)-nC12(0.1) with various 

wavelengths compared to the results reported by Mialdun et al. 2017 for mean 

temperature T=25°C.Symbols represent exact values reported by different groups, red 

circle – Sechenyh et al. 2013b, blue circle – Gebhardt et al. 2015, purple star – Larranaga 

et al. 2015 and green diamond – Yahya et al. 2015. Results are fitted with Eq. 7, for the 

values of coefficients written in Table 3. 



 

Figure 5: Contrast factor of THN (𝑐1) in the ternary mixture THN(0.8)-IBB(0.1)-

nC12(0.1) with various wavelengths compared to the results reported by Mialdun et al. 

2017 for mean temperature T=25°C. Symbols represent exact values reported by different 

groups, red circle – Sechenyh et al. 2013b, blue circle – Gebhardt et al. 2015, purple star 

– Larranaga et al. 2015. Results are fitted with Eq. (8), for the values of coefficients 

written in Table 3. 

 

Figure 6: Contrast factor of IBB (𝑐2) in the ternary mixture THN(0.8)-IBB(0.1)-

nC12(0.1) with various wavelengths compared to the results reported by Mialdun et al. 

2017 for mean temperature T=25°C. Symbols represent exact values reported by different 

groups, red circle – Sechenyh et al. 2013b, blue circle – Gebhardt et al. 2015, purple star 

– Larranaga et al. 2015. Results are fitted with Eq. (8), for the values of coefficients 

written in Table 3. 

 

Property A(nD, CF) B(nD, CF) 



nD (This work) 

(R2=0.9995) 

1.496 7781 

nD (Mialdun et al. 2017) 1.4959 7914 
𝜕𝑛

𝜕𝑐1
 (This work) 

(R2=0.9994) 

0.128 5839 

𝜕𝑛

𝜕𝑐1
 (Mialdun et al. 2017) 0.1291 6092 

𝜕𝑛

𝜕𝑐2
 (This work)  

(R2=0.9997) 

0.07646 4514 

𝜕𝑛

𝜕𝑐2
 (Mialdun et al. 2017) 0.0779 4557 

Table 3: Fitting parameters on Cauchy dispersion of the contrast factors along different 

wavelengths for temperature of 25°C 

 

Technique 𝜕𝑛1

𝜕𝑐1
 

𝜕𝑛1

𝜕𝑐2
 

𝜕𝑛2

𝜕𝑐1
 

𝜕𝑛2

𝜕𝑐2
 

Cond(NC) 

OBD 

(Gebhardt 

et.al 2015) 

(𝜆1=405nm, 

𝜆2=633nm) 

 

0.16680 0.105970 0.14361 0.088186 132 

ODI 

(Selechnyh et 

al. 2013) 

(𝜆1=670nm, 

𝜆2=925nm) 

0.14271 0.088696 0.13730 0.083768 241 

This work 

(𝜆1=473nm, 

𝜆2=633nm) 

0.15409 0.096636 0.14257 0.087725 234 

Table 4: Contrast factors for DCMIX1 mixture (0.8-0.1-0.1) obtained by different groups 

at T=25°C. Cond(NC) represent condition number of the contrast factor matrix. 

On the other hand, for the transformation into phase image, 2D Fourier Transform 

technique is used (Mialdun et al. 2013) once information about phase along the column 

windows is known, we apply 

Δ𝑛(𝑦, 𝑧) =
𝜆

2𝜋𝑑
Δ𝜑(𝑦, 𝑧) (9) 

where Δ𝜑 is the difference of phase along the microcolumn height, 𝜆 is the wavelength 

of the corresponding laser and d is the gap of the column. As there are two phase images 

at each point (two lasers wavelength), it means that there are refractive index difference 

separately for each laser applied to our system. After determination of the refractive 

index, using Eq. (6) it is possible to obtain the concentration field and determine the 

thermodiffusion coefficients. 



 

Figure 7: Time evolution of the phase difference between the point close to the top and 

the one close to the bottom (experiment 2 from the Table 5) 

On the Figure 7 it is possible to see evolution of the phase difference along the height of 

microcolumn. Experiment starts usually after 2 hours of microcolumn kept on constant 

mean temperature which is not shown on this figure. Also, from the Eq. (9) it is clear that 

the shape of refractive index difference between the same points will be the same as for 

the phase difference. However, the uncertainty problems arise in the next step, while we 

are trying to determine concentration difference along the height and hence the 

thermodiffusion coefficients.  

Determination of thermodiffusion coefficients 

Thermogravitational technique relays on the Furry-Jones-Onsager theory which in 

ternary mixtures means that the thermodiffusion coefficients are related with the 

concentration difference of each component –see Eq. (10)-. This means that uncertainty 

from the concentration field is translated into the thermodiffusion coefficients. 

𝐷𝑇,𝑖
′ =

𝑑4𝛼𝑔

504𝜈

𝜕𝑐𝑖

𝜕𝑧
    (10) 

Where i (i=1,2,3) is related with each component of the mixture, d is gap of the column, 

g is gravitational acceleration, 
𝜕𝑐𝑖

𝜕𝑧
 is the gradient of concentration along column height in 

the thermogravitational column in steady-state obtained by Eq. (6) and Eq. (9), 𝛼 thermal 

diffusivity coefficient, 𝜈 is kinematic viscosity and 𝐷𝑇,𝑖
′ thermodiffusion coefficient of 

component i in the ternary system. Combination of thermodiffusion coefficients with 

molecular diffusion coefficients would result in definition of Soret coefficients in ternary 

mixtures 𝑆𝑇,1
′  and 𝑆𝑇,2

′  as (Eq. 11 and 12): 

𝑆𝑇,1
′ =

𝐷𝑇,1
′ 𝐷22−𝐷𝑇,2

′ 𝐷12

𝐷11𝐷22−𝐷12𝐷21
    (11) 



𝑆𝑇,2
′ =

𝐷𝑇,2
′ 𝐷11−𝐷𝑇,1

′ 𝐷21

𝐷11𝐷22−𝐷12𝐷21
    (12) 

 

  

Figure 8: Steady state measurement of transformed concentration field (experiment 1 

from Table 5) 

From Figure 8, we can see huge fluctuations in the concentration field, which are the 

result of ill-conditioned matrix   
𝜕𝑛

𝜕𝑐
. The problem of the ill-conditioned matrix is not 

problem only related with this technique or this mixture, rather it is problem of the all 

optical techniques in multicomponent mixtures (Galand et al. 2019; Mialdun et al. 2017; 

Triller et al. 2019; Mialdun et al. 2018). Condition number, which should be as low as 

possible, in the case of the DCMIX1 mixture for different results is presented in the last 

column of the Table 4.  Thermodiffusion coefficients obtained with the microcolumn are 

found in the Table 5:  

Experiment # 
𝐷′

𝑇1 (10−13)(
𝑚2

𝑠𝐾
) 𝐷′

𝑇2 (10−13)(
𝑚2

𝑠𝐾
) 𝐷′

𝑇3 (10−13)(
𝑚2

𝑠𝐾
) 

1 6.89±2.74 -2.22±2.39 -4.67±0.35 

2 6.94±2.76 -2.91±2.45 -4.03±0.31 

Mean 6.91±2.75 -2.56±2.42 -4.35±0.33 

Table 5: Thermodiffusion coefficients obtained by thermogravitational microcolumn for 

THN(0.8)-IBB(0.1)-nC12(0.1) mixture at T=25°C 

Thermodiffusion coefficients in both experiments show good agreement, especially since 

this is the case of ternary mixture. Also from the Figure 9, we can see that both 

experiments, with small deviation are on the line of the error propagation. This means 

that the results obtained in this work are consistent and that dispersions from all the 

independent experiments would partially intersect in the proportionally large region 

depending on the difference between results. Thermodiffusion coefficients for the same 

composition from the other group can be found in the Table 6. 



Technique 
𝐷′

𝑇1 (10−13)(
𝑚2

𝑠𝐾
) 𝐷′

𝑇2 (10−13)(
𝑚2

𝑠𝐾
) 𝐷′

𝑇3 (10−13)(
𝑚2

𝑠𝐾
) 

ODI+TDT 

(Mialdun et al. 

2015) 

6.9 -2.1 -4.8 

OBD (Gebhardt 

et al. 2015) 

7.2 -2.2 -5.0 

TGC (Larranaga 

et al. 2015) 

6.7 -1.8 -4.9 

TG𝜇C (This 

work) 

6.91±2.75 -2.56±2.42 -4.35±0.33 

Benchmark 

(Bou-Ali  et al. 

2015) 

6.8 -2.0 -4.8 

Table 6: Comparison between thermodiffusion coefficients from the literature and this 

work 

Additionally, we run Monte Carlo simulations to bring some light on the uncertainty. 

Determination of the thermodiffusion coefficients is done for 100000 times for random 

value of Δ𝑛 between  Δ𝑛 − 0.005Δ𝑛 and Δ𝑛 + 0.005Δ𝑛. Also, calculations have been 

done with the results of the other groups, with contrast factor matrixes obtained in 

different laboratories. Thermodiffusion coefficients with its corresponding dispersion are 

presented on the Figure 9. 

 

Figure 9: Thermodiffusion coefficients together with the uncertainty introduced for the 

mixture THN(0.8)-IBB(0.1)-nC12(0.1) at T=25°C. Results refer to the Table 6. 

It is possible to note that all fully optical techniques (OBD, ODI and microcolumn) have 

a similar slope of coefficients dispersion. Maximum difference in the angle between those 

three techniques was in the case of OBD and ODI, and it was 0.4°. For that reason, those 

lines are almost parallel and will not intersect in the reasonable values of thermodiffusion 

coefficients. This is due to condition matrix nature, which in all given techniques is 

similar, as optical properties determined are similar. As it is possible to see from the 



image, traditional thermogravitional column TGC have, due to low condition number of 

the contrast factor matrix, the most reliable results. 

Uncertainty issues 

From Figure 9, it can be noted that dispersion of 𝐷′
𝑇2 is higher than 𝐷′

𝑇1. However, the 

trials to reduce the uncertainty by different choice of independent components are useless, 

as they will not bring higher confidence into determined thermodiffusion coefficients 

[29]. The condition number of the matrix with different choice, will be different, but the 

dispersion of the results will remain the same.  

As a possible strategy to reduce the uncertainty in thermodiffusion coefficients we 

examined the possibility of different choices of laser wavelengths. Assuming that the 

nature of Cauchy dispersion fits for the most ternary mixtures it is possible to notice that 

the smallest condition number is related with the largest different laser wavelength 

difference. In this case, working laser with the minimum wavelength is from the group of 

Bayreuth University, with 𝜆 = 405𝑛𝑚 (Triller et al. 2019) and the other with maximum 

wavelength is from ULB group, 𝜆 = 925𝑛𝑚 (Galand et al. 2019). Using the values of 

Cauchy dispersion of this work (Table 3), condition number would be reduced to value 

of 96.45, which strongly reduces uncertainty in the thermodiffusion coefficients. In the 

Figure 10, with the red colour, dispersion of the thermodiffusion coefficients with reduced 

condition number are compared with the condition number dispersion experimentally 

obtained in this work.  

 

Figure 10: Dispersion of the thermodiffusion coefficients for the same error bar in the 

refractive index, using different contrast factor matrixes. Condition number of those 

matrixes is highlighted on the image. 

Other possibility to reduce the uncertainty in the thermodiffusion coefficients could be 

the change in the slope of the dispersion direction. In this case, using multiple lasers, we 

could actually have intersection between dispersion curves. Slope s of the angle is related 

with 



 𝑠 =
 
𝜕𝑛1
𝜕𝑐1

+
𝜕𝑛2
𝜕𝑐1

𝜕𝑛1
𝜕𝑐2

+
𝜕𝑛2
𝜕𝑐2

.    (13) 

By applying Monte Carlo simulations using for the contrast factors obtained by Cauchy 

dispersion fitting, maximum and minimum angle difference in the range of wavelengths 

400-950 nm is 1.1°, which is not significant to improve the accuracy. The maximum angle 

obtained was around 32.4°, while the minimal one was 31.3°. With such small angle 

difference, intersection of dispersion lines would not exist for most of the contrast factor 

matrixes. Moreover, the highest angle differences are usually for the small differences in 

laser wavelengths which would increase the condition number of the contrast factor 

matrix. However, as it is noticeable from the Figure 9, results from TGC have 

significantly different slope from the other techniques which arises from the condition 

number and origin of each value in the contrast factor matrix. As TGC is not fully optical 

technique and it relays on density measurements in ternary mixtures as well, this 

technique will normally have different slope than rest of the techniques. For that reason, 

it is important to highlight that TGC technique could provide reliable source with almost 

19 times (for this mixture) smaller uncertainty in validation of thermodiffusion 

coefficients. For example, in the case of benchmark mixture DCMIX1, contrast factor 

matrix condition number is 17, and the angle between dispersion and x-axis is 36.23°. 

Angles related with optical techniques are: for microcolumn 31.84°, for ODI 31.62° and 

for OBD 32.02°, and as previously said maximum difference between those angles is just 

0.4°. 

The importance of a careful contrast factor measurements can be seen from the Figure 11, 

where we used Mialdun contrast factor matrix (Mialdun et al. 2017) and our contrast 

factor matrix. We simulated both cases 100000 times, in order to obtain distribution of 

the thermodiffusion coefficients and most expected value. From the Figure 11, but also 

from the Figure 9, it is noticeable that uncertainty in 𝐷𝑇,2 is higher than 𝐷𝑇,1. 

 

Figure 11: Distribution of the thermodiffusion coefficients using two different contrast 

factor matrixes, obtained using fitting parameters from Table 3 



Also, from the Figure 11, we can see that results with (Mialdun et al. 2017) Cauchy 

dispersion values are slightly more dispersed due to slightly higher condition number for 

the same wavelengths. 

Conclusions 

In this work we successfully applied the optical digital interferometry for the ternary 

mixture in thermogravitational microcolumn. Thermodiffusion coefficients results 

obtained from the steady-state measurements coincide within 4% in the results reported 

in the literature in the case of 𝐷′
𝑇1 and within 30% in the case of 𝐷′

𝑇2.  However, 

thermogravitational column as fully optical technique faces the same problem as the other 

techniques in the ternary mixtures. The problem is related with the uncertainty of the 

obtained thermodiffusion coefficients due to ill-conditioned contrast factor matrix. In this 

work, we presented our contrast factor matrix for DCMIX1 mixtures and compared to 

those in the literature with the respect to the condition number. We proposed certain 

possibilities to reduce the uncertainty in the results by a careful choice of working laser 

wavelengths. In the end, we find very important to compare results obtained in fully 

optical techniques with those obtained with the traditional thermogravitational column as 

the TGC bring almost 19 times smaller uncertainty in results due to nature of contrast 

factor matrix. Moreover, the dispersion angle, which is significantly different, provides a 

reasonable area of intersection between the results from different groups. Future work 

includes transient analysis of the signal in the ternary mixtures, providing us information 

about eigenvalues of diffusion matrix, and if possible, individual elements of the diffusion 

matrix. 
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