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ABSTRACT 

 

Soret and Diffusion Coefficients Measurement for Binary and 

Ternary Mixtures on Board the International Space Station 

Using SODI Apparatus 

Doctor of Philosophy 

Amirhossein Ahadi 

Mechanical and Industrial Engineering, 2014 

Ryerson University, Toronto, ON, M5B 2K3, Canada 

Thermodiffusion or Soret effect is a heat and mass transfer phenomenon in a non-isothermal 

liquid and gas mixtures. This phenomenon is more pronounced in oil fields, usually due to the 

porous environment. A precise and better understanding of the thermodiffusion phenomena in 

multi-component mixtures results in a more accurate modeling of oil reservoirs. Accordingly, the 

main objective of this study is to investigate the thermodiffusion phenomenon in the 

multicomponent mixtures. In order to achieve this objective, two series of thermodiffusion 

experiments conducted on board the International Space Station (ISS) using the SODI 

(Selectable Optical Diagnostics Instrument) facility were analyzed. 

The first series of experiments aimed to study the effects of the forced vibration on the Soret 

phenomena. The experimental mixture was water and isopropanol with different compositions 

subjected to various temperature gradients normal to the vibrations. Results revealed maximum 

separation for the case with the minimum vibration and the lower temperature gradient; however, 

a linear relationship between Gershuni number and maximum separation was not found. 

On the other hand, the second series of experiment was aimed to the measurement of the 

diffusion coefficients of selected ternary mixtures. Mixtures of tetrahydronaphthalene-

isobutylbenzene-dodecane at five different compositions were hosted in the DSC (Diffusion and 

Soret Coefficient) cell array. Thus, the Soret diffusion coefficients and the molecular diffusion 

coefficients of the mentioned hydrocarbon mixture at five different compositions have been 

reported. 
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To process the results of these experiments an advance image processing technique was 

developed and implemented in an application with GUI (Graphical User Interface) for the Mach-

Zehnder interferometer (MZI). Then, the application of the windowed Fourier transformation 

(WFT) to analyze the heat and mass transfer problem using the MZI setup is proposed. Results 

show that the WFT noticeably improves the measurement of concentration. This improvement is 

more evident for the ternary. It was shown that about 10% underestimation of the Soret 

coefficient would be resulted; if an accurate determination of the thermal time for the MZI is not 

used. The reliability and the repeatability of the MZI apparatus on board ISS to study 

thermodiffusion for binary and ternary mixtures were shown. 
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1 Chapter 1: Introduction and Motivations 

 Introduction and Motivations 1.1

Thermodiffusion, also called the Soret effect, is a phenomenon involving heat and mass transfer 

in a liquid, or a gas due to a temperature gradient. It is important in oil exploration and in optimal 

oil recovery since it causes diffusion fluxes in hydrocarbon reservoirs. Oil exploration models 

are being developed to simulate these phenomena over several centuries, and improved oil 

recovery models are also being developed to estimate and locate different compositions in oil 

reservoirs [1–3]. Soret coefficient values are usually ignored in most engineering applications; 

however, an accurate and advanced modeling of mass diffusion is critical for this kind of oil 

recovery investigation. This phenomenon is more pronounced in oil fields, usually due to the 

porous environment [4–8].  

For example, in the Yufutsu oil field in Japan, Ghorayeb and his team have conducted a set of 

pressure, fluid composition, and temperature measurements in a gas field to explore the unusual 

fluid distribution[8–10]. The data recorded along different vertical wells showed that there exists 

a motionless liquid in the middle and two lighter vapor section at the top and the bottom of the 

well. Further analysis indicated that thermodiffusion played the main role in displacing the fluid 

and moving gas below the fluid surface [8–10]. Hence, a precise and better understanding of 

thermodiffusion phenomena in multi-component mixtures would result in a more accurate 

modeling of oil reservoirs, and it may reduce the number of required wells, which costs 

approximately $20 million/well. Additionally, thermodiffusion can have applications in 

environment discovery [11], microfluidic applications [12,13], particle motion in microfluidic 

devices[14], and in the field of DNA studies[15–17]. 

While the Soret effect in binary mixtures is well-studied[18–24]; only a few literature reports are 

dedicated to the thermodiffusion phenomenon in ternary or quaternary mixtures [25–28]. The 

Soret coefficient is recognized as difficult to determine at ground conditions because of technical 

constraints in the control of liquid convection and convective instabilities for most of the 

mixtures [29–33]. The fluid properties measurements conducted in reduced or microgravity 

environments minimize the influences of gravity. A microgravity environment suggests a 
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suitable location for studying the behavior of liquid mixtures and measuring the diffusion and 

thermodiffusion coefficients. Here, the Soret effect in multicomponent mixtures was analyzed 

using the results of the experiment conducted in a microgravity environment. 

 Thermodiffusion Applications  1.2

Enhancement in experimental techniques along with importance of thermodiffusion in petroleum 

industry has caused noticeable increase of the research in this phenomenon. Thermodiffusion has 

applications in different important processes in technology and nature. However, its main critical 

is for oil extraction from the hydrocarbon reservoirs, that are subjected to noticeable temperature 

gradients. Thus, thermodiffusion or Soret effect is being investigated by considerable amount of 

research in various systems such as liquid hydrocarbons, polymers, gases, electrolytes, proteins, 

combustion, surfactant micelles, latex particles, alcohols and Ferro fluids [34–38]; while, most of 

the works have been devoted to the petroleum industry. These industries complete huge amount 

of research to understand the separation of the components under Soret effect and then to 

determine the fluid distribution in the oil reservoirs [30,36,39,40]. Thermodiffusion is also has 

role in isotropic separation of liquids, molecule manipulation by temperature gradient thermo-

phoresis, etc. Moreover, recently it is found that Soret effects in nanofluids can change the 

concentration variation from a homogenous condition more than twenty percent [41]. Finally, 

thermodiffusion plays significant role in emerging applications such as particle manipulation by 

temperature gradient for microfluidic applications, and in optical screening methods for 

biomolecules and colloids [42,43]. 

In the underground oil reservoirs, the geothermal temperature difference coupled with the 

stationary conditions of the liquid that causes separation process in the porous layer of soil and 

sand. Generally, there are various forces contributing to distribution of fluid such as gravity, 

thermal gradient and other fluxes. It is an important challenge to consider all these phenomena to 

measure the connectivity of the different panels and layers in an oil field [30,44–46]. It is 

believed that the reverse geothermal gradient, through thermodiffusion and the gravity field, 

through gravitational segregation, are the two important factor that govern the concentration 

distribution of the fluid in the large oil reservoirs [39]. 
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The most precise method of determining the thermodiffusion coefficients is by performing 

experiments. Nevertheless, obtaining accurate experimental data out of any experimental method 

is challenging. Because of the magnitudes of these coefficients that are smaller than 10
-9

, an 

extensive accurate experimental method must be used that is expensive in most of the cases. On 

the other hand the molecular-dynamics simulation can provide qualitative or semi quantitative 

data to study the thermodiffusion phenomenon [28,47–50].  

 Literature Review 1.3

When the composition of a mixture is non-uniform, the concentration difference in any 

component of the mixture presents a driving potential force that causes diffusion of that species. 

As a result of this diffusion, any specific species flows from regions with the higher 

concentration to regions with the lower concentration. The Maxwell–Stefan theory is a proposed 

equation that describes diffusion in multicomponent mixtures.  

This model that represents the mass fluxes in the mixture has been proposed by James Clerk 

Maxwell for dilute gases and Josef Stefan for fluids [51,52]. It is completely similar to the 

diffusion of heat from regions of high temperature to regions of low temperature. The Fick's 

diffusion theory is the simplified form of the Maxwell–Stefan equation and it does not exclude 

the possibility of negative diffusion coefficients [53]. Finally, it must be mentioned that the 

effective diffusivity is one for ideal mixtures. 

Different theoretical models and investigations are developed by Eslamian et al [28,49,54,55] 

and Abbasi et al [56–58] to study the Soret effect. One of the main factors in estimating the 

thermodiffusion coefficient for associating and non-associating fluid mixtures is evaluation of 

the activation energy in Eyring's viscosity theory [59]. They applied several methods to estimate 

the activation energies of pure components, and then extended them to complex hydrocarbon 

mixtures. The kinetics approach and phenomenological approach are two different approaches in 

modeling thermodiffusion coefficients. The kinetics approach is based on the irreversible 

thermodynamics theory and thermodiffusion coefficients are based on the specific heat of 

transport of the two components in a binary mixture.  
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Demirel and Sandler [60] developed the linear-non-equilibrium thermodynamics theory for 

coupled heat and mass transport at the beginning of the 20th century. It observes that the analysis 

of linear-nonequilibrium thermodynamics defines the correct forces and flows involved in an 

irreversible process because the entropy production depends on the flows and forces. Linear-

nonequilibrium thermodynamics (LNET) was used to present dissipation functions and the 

entropy generation. 

Tai and Char surveyed the effects of thermal diffusion on heat and mass transfer by free 

convection flow [61], the laminar free convection flow in a presence of thermal radiation and 

Soret phenomena along a vertical plate within a porous medium was studied. The influence of 

Soret and Dufour diffusion and thermal radiation and power-law fluid index was applied in this 

study. In the results, temperature and concentration fields and Sherwood number for various 

cases of the controlling parameters were discussed. 

Different sources such as experiment operation, aerodynamic drag, gravity gradients, life-support 

systems, equipment operation, crew activities, and rotational effects create microgravity 

vibrations on board vehicles in microgravity environments [5,62–64]. This microgravity 

vibration is one of the most important factors that can affect thermodiffusion experiments on 

board the ISS. Other factors are errors in the optical setup, errors in the measurements, and 

analysis errors. It has been argued that controlled vibrations or g-jitter vibrations in a reduced 

gravity condition can reduce the separation of components in a mixture [65–68]. For this reason, 

the IVIDIL (Influence of Vibrations on Diffusion of Liquids) experiment investigated the effect 

of vibrations on heat and mass transfer phenomena and Sore effect. 

The effects of low frequency G-jitter on the thermal diffusion are studied by Yan et al [32]. The 

mixture water-isopropanol with ten percent mass fraction of isopropanol bounded in a cubic cell 

was simulated with a lateral heating and different vibration conditions. In earlier studies, it had 

been approved that low frequency vibrations show a more dangerous consequence on diffusion 

measurements with respect to high frequency vibrations. 

The numerical study indicated that both residual gravity and g-jitter might be detrimental but 

also beneficial to achieve purely diffusive conditions. The g-jitter was found to reduce 

compositional variation [63,64,69]. They assumed a single-phase fluid and all physical 
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properties, except the fluid density, as constant values with the assigned values obtained at mean 

temperature; however, according to the investigations by Saghir and Seshasai [62,70], this 

assumption is not accurate enough. In their method, the time integration was performed using a 

first-order implicit scheme. In the case of zero gravity, the density variation was very smooth. In 

presence of residual gravity, the density increased to a maximum value situated at around 3/4 of 

the cavity length, and then decreased to an intermediate value at the cold wall. The influence of 

the frequency of the g-jitter Soret effect in investigated [37]. 

The effects of Soret and Dufour on free convection along a vertical wavy surface were 

investigated by Narayana et al [71,72]. Free convection caused by heat and mass transfer along 

with a wavy surface in a Newtonian, saturated, porous medium was surveyed by applying cross 

Dufour and Soret diffusion in the medium. Under the large Darcy–Rayleigh number, assumption 

a similarity solution to this problem was presented.  

It is observed that a single convective cell in all the mixtures caused by a steady static micro-

gravity in all two dimensions was formed [35]. A stronger velocity perpendicular to the direction 

of the thermal gradient was observed.  

Impact of the vibrations on Soret separation in binary and ternary mixtures is investigated [36]. 

In this survey, they simulated two ternary hydrocarbon mixtures and one binary associating. One 

of the ternary mixtures was assumed a pressure of 35 MPa and the other mixtures were at the 

atmospheric pressure. The vibrations were recorded by the accelerometers onboard the 

international space station. Based on their previous model, the thermal gradient was applied in 

the horizontal direction of a two-dimensional domain. At first, they simulated environment 

corresponding to an ideal zero gravity or purely diffusive scenario, and after that they focused on 

case, the demeaned Root Mean Squared (RMS) values of the acceleration. Their assumption was 

a constant thermal conductivity and no internal energy generation [36]. They stated that 

performing diffusion experiment for liquid mixtures on the ISS was not reliable.  

The results of analysis showed that unlike the purely diffusive scenario, imposing the ISS 

vibrations had a profound effect on the Soret effect in all three systems. More precisely, in all 

three mixtures, a single convective cell was observed to make a mixing effect; this phenomenon 

destroyed most of the Soret separation. The effect of vibrations to remove the Soret effect on the 
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low-pressure mixture was more than high-pressure mixture. In addition, this happened as a result 

of the fact that in lower pressure the fluids respond occur more easily to the applied vibrations. 

The double-diffusive thermal convection with the Soret effect process presented to different 

vibration conditions is simulated in a zero gravity condition [73].  

The thermal gradient is applied to cavity perpendicular to the vibration. The thermal properties 

of the fluid as well as the concentration profiles were scrutinized on a long time scale, during 

thermal time. The system was subjected to the three different levels of Rayleigh vibrations by 

using different frequencies, amplitudes, and temperature gradients. The results showed that using 

variable properties from PC-SAFT make the outcomes more reasonable in comparison with the 

model with constant properties. It is observed that a strong mixing was found in cases with high 

Rayleigh vibrations. 

 Experimental Measurement of Thermodiffusion  1.4

There are several experimental techniques to investigate the Soret effect, such as the 

thermogravitational column [74–77], the diffusion cell [78], thermal flow field fractionation [79], 

light scattering [18,80,81], thermodiffusion-forced Rayleigh Scattering [81–84], laser beam 

deflection [26,85], and holographic interferometry [23,86–88].  

A group of experimental techniques involves classical measurements to achieve large separation 

ratios. Classical Soret cell, thermogravitational column, the two-chamber thermodiffusion cell , 

and thermal field-flow fractionation are part of this group [22,74,75,77,89,90].  

Another group of experimental approaches is intended to establish stable thermal and mechanical 

conditions to prevent convection process by employing optical techniques. The laser-beam 

deflection technique, thermal diffusion forced Rayleigh scattering, thermal lens technique, and 

the microfluidic fluorescence methods are all optical approaches used in laboratories on earth; 

while, they are able to be used in microgravity environments. A review of the experimental 

techniques to measure the Soret coefficient was performed by Srinivasan and Saghir [35]. 
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1.4.1 Thermo Gravitational Column 

A Thermo gravitational column (TGC) consists of two vertical plates maintained at two different 

temperatures that creates horizontal temperature gradient. Generally, height of the column is less 

than a meter and there is a 1 or 2 mm gap between the plates. 

   

Figure  1-1: General view and scheme of a thermogravitational column [75] 

The upper side of the apparatus consists of two small holes for filling of the column and for air to 

escape during the filling [91]. The temperature gradient is applied by increasing the temperature 

of one of the sidewalls. Consequently, Soret effect causes each component move to different 

sides, which causes the lateral concentration gradient. Then the sample of the liquid can be 

extracted to find the Soret coefficients. 

1.4.2 General Soret Cell 

A general Soret cell is constructed with two horizontal plane plates. These plates are normally 

made of stainless steel or copper because of heat conduction capabilities. There is a gap between 

these plates and the temperature gradient is proposed across the plates. There are also some holes 

drilled on top and bottom of the plates. During the experiment, to have transient variation of 

concentration, small portions of samples are collected (closed to the isothermal horizontal 

boundaries) [92] with a needle and a watertight device that exist in each hole. 
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Figure  1-2: Schematic of a classical Soret cell [35] 

1.4.3 Beam Deflection Technique 

There is another advanced form of Soret cell that the concept of beam deflection techniques is 

used to measure the concentration of the sample. This method is one of the optical approaches to 

measure the Soret effect. The main modification in beam deflection technique is that two 

opposite transparent lateral walls are assigned and for the lateral walls, the glass is used because 

it allows obtaining the change of index of refraction along the beam path that is parallel with the 

plates. When there is no thermal or concentration gradient, a laser beam would not reflect from 

the horizontal path. On the other hand, any gradient of concentration or temperature cause the 

laser beam not to propagate horizontally.  

  

Figure  1-3: Scheme of the cross-section of a beam deflection apparatus. “A and B are the 

initial and steady state points of incidence of the laser beam on the screen” [35,75] 

More detail of the beam deflection method to measure of thermodiffusion in liquid mixtures is 

described in the literature [93]. It is worth noting that the Soret coefficient of thermodiffusion 

experiments on polystyrene colloids with special functionality in water has been measured using 

the same technique [93]. 

1.4.4 Forced Rayleigh Light 

The forced Rayleigh light scattering method provides a useful and sensitive instrument for the 

thermodiffusion studies. This method is to study thermal diffusive behavior of mixtures with 
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holographic grading technique. In this method, a laser beam is divided into two beams of equal 

density. These two beams were converged at the experimental sample. An intensity gradient can 

be measured using these two lasers in the transparent mixture and also the temperature and the 

concentration gradients cause a refractive index gradient in the mixture, which can be obtained 

with the diffraction of a third laser beam [35,49]. 

1.4.5 Mach-Zehnder Interferometry 

Another technique, which is used here, is Mach-Zehnder interferometry (MZI) that is an optical 

method. The detail information of MZI is provided in this thesis based on its application for for 

heat transfer analysis or thermodiffusion analysis in binary or ternary mixtures. 

Most of the above mentioned experimental techniques and the development of theoretical models 

have been mainly performed on binary mixtures [94]. This has caused a gap of ternary and multi-

component experimental results that has stopped the enhancement of the current multi-

component thermodiffusion models. However, it should be noted that there are few 

investigations that can be addressed for studying the Soret effect in multicomponent mixtures 

[26,28,50,95]. So here, in addition to studying the thermodiffusion in binary mixtures, the MZI 

equipped with two lasers is used to study the thermodiffusion in ternary mixtures as well.  

In this thesis, the accuracy of the MZI method that was used to measure the mass transport 

coefficients for the binary mixture has been investigated. Then, the Soret coefficients of 

benchmark binary and ternary mixtures were obtained using the experimental results sent from 

the ISS. In addition to that, the effects of the forced vibrations on the thermodiffusion process 

were analyzed. 

 Objectives 1.5

The main objective of this study is to investigate the thermodiffusion phenomenon in the 

multicomponent mixtures. In order to achieve this objective, two series of thermodiffusion 

experiments conducted on board the International Space Station were analyzed and the sub 

objectives of this research were:  
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1) To investigate the impacts, technical difficulties, advantages and disadvantages of applying 2-

D Fourier fringe analysis and phase unwrapping, with particular for the experimental results of 

Mach-Zehnder interferometry. Although there is wide range of applications for this method, it 

was used in this thesis to analyze the thermodiffusion experiments and to implement the two-

dimensional Fourier fringe analysis and phase unwrapping for interferometry-based 

thermodiffusion experiments according to the literature; 

2) To implement the Windowed Fourier Transformation (WFT) method and Windowed Fourier 

Filtering (WFF), Genetic Algorithm (GA), and fast robust smoothing function to analyze the 

thermodiffusion process using Mach-Zehnder Interferometry. 

3) To design and develop a robust methodology to estimate the Soret and diffusion coefficients. 

The methodology should be able to measure the Soret coefficient for both binary and ternary 

mixtures in the presence of G-jitter or force vibrations. 

4) To determine the most accurate value for thermal time (especially in situation when heat and 

mass transfer are coupled). The experimental thermal time for the MZI experiment has a direct 

effect on the estimation of the Soret coefficients because of the high ratio of the separation at the 

beginning of the experiment. So accurate determination of the thermal time is an essential 

condition to have accurate measurement of the mass transfer coefficients. 

5) To study the effect of forced vibrations on the thermodiffusion experiments using the results 

of the IVIDIL experiment. Acceleration or gravity disturbs the pure thermodiffusion pattern and 

because there are G-jitter vibrations onboard ISS; the effect of vibration on the thermodiffusion 

experiment must be determined and the critical condition should be determined in which the pure 

separation does not occur. 

6) And to analyze the thermal performance of the SODI cell and also to measure the Soret 

coefficients of a benchmark hydrocarbon mixture at various compositions using the experimental 

results obtained on board the ISS. The performance of the thermal unit of the SODI apparatus 

must be analyzed to ensure the linear variation of the temperature variation across the cell was 

achieved during the thermodiffusion experiment. 
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 Thesis Organization  1.6

This thesis consists of the following eight chapters: 

In chapter 2, the application of the windowed Fourier transformation to analyze the heat and 

mass transfer problem using the MZI setup is explained and discussed. A detailed comparison 

between FFT and WFT results for binary and ternary mixtures of the MZI thermodiffusion 

experiments is provided. The substantial enhancements of the method are presented and 

discussed for different experiments conducted for both binary and ternary mixtures. The 

importance of replacing the FFT method becomes more pronounced for the ternary system, as 

this method fails to reconcile reliable concentration profiles. 

In chapter 3, a theoretical approach and experimental models are employed to estimate the 

thermal relaxation time of the optical digital interferometry experiment that deals with the 

coupling between the heat and mass transfer phenomena. Mach-Zehnder interferometry (MZI) 

was found to be an accurate and precise experimental model to visualize the thermodiffusion 

phenomena inside the cubic cell when a thermal gradient is applied at two sides of the cell.  

In chapter 4, the thermal performance of the SODI apparatus is extensively analyzed. The results 

obtained from the binary mixture (IVIDIL) and the ternary case (DSC) are presented separately 

and then are compared together. The heat transfer and temperature measurements during the 

thermodiffusion experiments at reduced gravity were investigated. The sensitivity of the 

temperature measurements using interferometry was examined, and the effects the weak 

insulation at the walls was investigated on the Soret separation. 

In Chapter 5 and 6, the possible influences of a wide range of forced vibrations on 

thermodiffusion measurements in the condition of microgravity subjected to two temperature 

differences were investigated. However, results indicate a maximum separation and Soret 

coefficient for the case with a minimum Gershuni number, while different concentration profiles 

and separation patterns were observed. These various behaviors are discussed in detail in this 

chapter. 

Chapter 7 reports a new experimental method to measure diffusion coefficients of ternary 

mixture using MZI equipped with two lasers; while, the diffusion and the thermodiffusion 
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coefficients of binary mixtures have been measured and analyzed in detail in chapters 5 and 6. 

An evolutionary algorithm known as genetic algorithm is used to find an accurate estimation of 

the transport coefficients. 

Chapter 8 provides detail experimental information of heat and mass transfer analysis of the 

SODI experiment for a ternary mixture at specific composition. It reports the quality of the DSC 

experiment for measurement of mass transport coefficients of ternary mixture. 

Chapter 9, which is mainly dedicated to the entire results of the DSC experiment, reports the 

separation in a ternary hydrocarbon mixture of tetrahydronaphtalene, isobutylbenzene, and 

dodecane due to a thermal gradient. Also, the Soret and diffusion coefficients of this mixture at 

five different compositions were measured. The reliability and the repeatability of the MZI 

experiments to study thermodiffusion for ternary mixtures were investigated. Finally, the mass 

diffusion in various compositions of this mixture was compared, and the effect of mean 

temperature on the Soret effect was studied.  

In the final chapter (Chapter 10), the conclusions of this research are described. In addition to 

that, some explanations about the contributions of this thesis and the future work are provided. 
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2 Chapter 2: Fourier Image Processing and its Application 

for Mach-Zehnder Interferometry 

 Introduction 2.1

Transform techniques arrange for analyzing and processing signals in a domain, the most 

appropriate and efficient form of this transform is required operations for image processing. 

There are many different transform techniques employed for image processing; however, these 

techniques all have limitations and no method is suitable for all types of problems [96]. There are 

continuous research efforts into expanding, adapting, and improving the available transform 

techniques for different applications of signal processing such as audio or image processing. A 

two-dimensional domain such as image or 2D audio representation allows the application of 

transform techniques in two dimensions. The use of 2D transform techniques for image 

processing has been investigated and it may produce interesting and useful results [97–101]. 

 Chapter Aims 2.2

This chapter mainly explains the application of 2D transform techniques for image processing of 

digital optical interferometry, particularly on the use of two different 2D Fourier transform 

techniques (FFT and WFT). It also aims to discover how information can be gained about an 

image by analyzing as a 2D array using the 2D Fourier transform and to investigate which 

methods of transform data processing can be used to provide the more precise result out of a 

MZI image [96].  

In order to achieve these aims a large element of application development is required during the 

investigation. The main objective of this chapter will be to produce a software tool that enables 

analysis and transformation of images into the different 2D Fourier transform domain. 

2.2.1 Fourier Techniques 

In the late 19th century, Joseph Fourier proposed a theorem that any periodic signal can be 

decomposed into a series of harmonically sinusoidal functions with specified amplitude, 

frequency, and phase offset; this is known as the Fourier series [102–104]. The Fourier transform 
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uses this concept for decomposition of a continuous-time signal into sinusoidal components. 

Fourier analysis is extremely important in many areas of signal processing [105]. Equations  2-1 

and  2-2 represent the Fourier and inverse Fourier transforms respectively for any continue 

function. 

where the independent variable x represents time, the transform variable u represents frequency. 

2.2.1.1 Fast Fourier transform 

It was found that the Discrete Fourier transform (DFT) was not efficient enough to be used in 

the all signal processing because it requires both complexes multiply and add operations. The 

fast Fourier transform, introduced in the 1960s [106,107]. This improved efficiency has allowed 

the application of the Fourier transform in many signal-processing tasks and real-time Fourier 

processing would be possible. There are many different implementations of the FFT available; 

however, MATLAB has built in functions, which employ the FFT algorithm[108]. 

 Fringe Pattern Analysis for SODI facilities onboard ISS 2.3

The Soret coefficient, which is a materials property, is recognized to be difficult to determine at 

ground conditions because of technical constraints in the control of liquid convection and 

convective instabilities due to gravity [63,94]. Measurements conducted in controlled 

microgravity environments such as the International Space Station (ISS) minimize the 

perturbation effects of gravity and allow purely diffusive conditions to be achieved. The best 

example of such measurements is the experiments conducted with the SODI facilities (Selectable 

Optical Diagnostics Instrument). The two major detailed experiments that have been performed 

under the SODI facility are IVIDIL and DSC. The IVIDIL experiment investigated the effect of 

vibrations on the thermal separation of binary mixtures [64,66,94,109,110]. The main purpose of 

DSC(Diffusion Soret Coefficient) was to measure the diffusion and Soret coefficients of selected 

ternary mixtures, a process that is fundamentally more complex and sensitive than the 
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measurements on binary mixtures [111]. The outcome of these experiments can be employed to 

test thermodiffusion theories and develop physical and mathematical models for the estimation 

of thermodiffusion and diffusion coefficients [110,112]. Two binary mixtures of water-

isopropanol (IPA) and the ternary mixture of tetrahydronaphthalene-isobutylbenzene-dodecane 

(THN-IBB-C12) with various compositions were hosted in the cell arrays for the binary cases 

(IVIDIL) and the ternary cases (DSC) experiments, respectively. 

The experimental data for both of these experiments were obtained using the interferometry 

image processing technique [110,112], which is one of the non-contact optical methods for these 

systems.  

 

Figure  2-2: Geometry of the binary cases (IVIDIL cell). 

 

Figure  2-1: Scheme of the Interferometer setup, it represents the moving bridge of SODI 

apparatus 
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The samples were monitored by a Mach-Zehnder interferometer at two wavelengths. Because of 

small scale of the variations in concentration, the processed results can be affected by the 

inherent noise that exists in the system due to many reasons such as presence of dust particles on 

the front glass disturbing a clear view of the cell. Here, for the first time we have implemented a 

windowed Fourier transform algorithm to study the thermodiffusion phenomenon. The results 

and discussion are provided in latter Section, and they focus on a detailed comparison between 

the FFT and WFT results in studying the binary and ternary MZI experiments. Finally, a 

summary of this work is provided in the conclusion section. 

2.3.1 Experiment Procedure 

Fringe analysis techniques in which are effective, reliable, and non-contact methods for 

measuring refractive index variation [98,103,113], have been employed in both the DSC and the 

IVIDIL experiments. As shown in the Figure  2-1, the generated laser beam was propagated into 

an optical fiber cable. The sample was monitored using a Mach-Zehnder interferometer at two 

wavelengths, depending on whether the sample was a binary or ternary mixture. Figure  2-1 

shows the two different paths inside the cell holder of the split beam. One of the paths led the 

beam through the front of the cell (in the direction perpendicular to the thermal gradient, as 

shown in Figure  2-2) and the other one passed the beam through the void area to be used as the 

reference beam.  

The first step of the thermodiffusion experiments that will be analyzed in this section was 

thermalization of the sample at the mean temperature to reach the initial state of uniform 

concentration and temperature distribution inside the cavity. At this stage, the top and bottom 

plates of the cell were maintained at the mean temperature. Then, the temperature gradient was 

built up by application of heat to both sides of the cavity. MZI images and the corresponding 

temperature differential between the hot and cold sides were acquired during the experiment. 

After completion of the designated experimental time span, the temperature difference was 

removed and the cell was brought back to the mean temperature. If needed, the run was repeated 

at a different temperature difference. Afterwards, the moveable optic was relocated to another 

sample and the cycle was repeated. 
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Thermal equilibrium in the sample mixture is established at a characteristic time that is a 

function of the length of the experimental cell and the thermal diffusivity of the liquid mixture: 

2

th L  .  

It can be assumed that any change in the refractive index is caused by temperature variation 

during the first thermal time. In addition, there is a characteristic diffusion time that is similar to 

 

Figure  2-3: Principle scheme of  Fourier image processing in this study (1: Converting and 

Cropping, 2: Fast Fourier Transform, 3: Filter out the non-zero peaks using band filter, 4: Inverse 

2D FFT,5: Windowed Fourier Filter, 6: Inverse WFT, 7: Subtracting the image from the reference 

image(k), 8: Unwrapping, 9:Calculationg of Refractive index, and 10: Concentration and 

Temperature) 
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the thermal time as it is also a function of the cell length: 2

C L D  , where D is the smallest 

eigenvalue of the diffusion matrix. By definition, at the end of the diffusion time the linear 

separation of species has been reached [112]. In general, the thermal time is about 100 times 

smaller than the diffusion time. As a result, the temperature field reaches the steady state a few 

minutes after applying the temperature difference, after which time the changes in the refractive 

index are purely due to the variation in species concentration.  

It must be noted that the refractive index or index of refraction is an optical non-dimensional 

number, which represents the ratio of the speed of light in vacuum over the speed of light in a 

transparent medium. The diffusive mass transport in a multicomponent mixture in the presence 

of a temperature gradient is described by more than two fluxes: one as a result of the temperature 

difference and other independent mass fluxes. There is no need to define the last mass flux for 

the i
th

 component because the final closing relationship describes the last mass flux completely. 

The mass fluxes along the direction of the thermal gradient are given: 

where ρ represents the density of the mixture, c0 denotes the mass fraction of the i
th

 component, 

Dii is the pure diffusion coefficient with i ≠ j for the cross diffusion coefficients in porous media, 

and 
,T i

D represents the thermodiffusion coefficients of the components in the ternary mixture. 

Table 1: Optical properties of the water-IPA mixture measured at T= 298 K for laser with the wavelength of 670 

nm (MR) and isopropanol/water cases [75,112] 
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10% -1.3427 -9.23 -8.47±1.5 7.11±0.4 -60.2±10 

50% -3.474 -3.64 5.68±0.3 1.60 ± 0.1 9.57 ± 0.5 

The MZI is set up to test thermodiffusion phenomena in multicomponent mixtures that include n 

various components. This process theoretically requires n-1 laser sources with different 

wavelengths. According to interferometry principles, each laser can provide one equation, as 

below, that has n-1 unknowns during the diffusion time: Δ iC where i=1,2,…,n-1. For a binary 

mixture and in a convectionless regime the analytical transient solution is given by equation  2-4: 
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In the above equation, ST (Soret coefficient) and τD (a function of mass diffusion coefficient) are 

unknown coefficients that were calculated using the temporal concentration difference between 

hot and cold sides of the cell. Here the above equation was used for validation using the 

benchmark value of ST and τD coefficients for water/IPA mixtures.  

In addition, the refractive index variation in the MZI experiment can be formulated as; 

where  Δ ,T x y
 
and  Δ ,iC x y  are respectively the temperature and concentration changes 

in an arbitrary point (x,y); 
n

T



  and 
n

c




 are known contrast factors defined as the variation of 

the refractive index due to temperature and concentration, respectively, while keeping the other 

parameter constant.  

The contrast factors are functions of composition and temperature; however, due to the small 

variations of these parameters in the current study, these coefficients are assumed constant for 

each mixture. The values for the contrast factors are adopted from reference [95,112] for the 

mean temperature of the mixtures (25°C) for binary and ternary mixtures.  

Because thermal time was noticeably smaller than diffusion time, ignoring a few minutes at the 

beginning of the experiment will not affect the final concentration profile at the end of diffusion 

time. Consequently, during the first thermal time equation  2-5 can be rewritten as follows: 

According to the theory of heat transfer in a liquid system, the temperature profile will not 

change after the first thermal time. Consequently, after that time, any derivative of temperature is 

equal to zero and equation  2-5 can be rewritten as follows when there are two lasers for a ternary 

mixture: 
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So, the mass fraction of the first two components can be calculated as follows in the next page: 

The concentration of the third component can be found based on species mass conservation [27]. 

The entire image processing procedure of the current work is illustrated in Figure  2-3. 

Table 2: Optical properties of the THN-IBB-C12 (10:80:10 %wt) mixture measured at T= 298 K for case 2 

DSC case, Case12 [95] 
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Type  nm
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MR 670 -4.812 -5.72 1.213 -7.57 

MN 935 -4.763 -5.38 1.240 -6.96 

The main difference between using this new method (WFT) and the simple FFT is the 

implementation of steps 5 and 6 that represent the windowed Fourier filtration technique. The 

addition of these two steps increases the total processing time by a factor of 40. Nevertheless, the 

outcome of the analysis justifies the importance of using this method for such MZI experiments 

that deal with simultaneous heat and mass transfer. 

2.3.1 Software Validation for the Benchmark Binary Mixture 
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In order to process the experimental the temperature and concentration contrast factors of the 

binary and ternary mixture are required as provided in Table 1 and Table 2 for the binary and the 

ternary mixtures respectively. In total, six runs of the binary and ternary cases (the IVIDIL and 

DSC experiments) were analyzed in this study (see Table 3): one run with a forced vibration and 

positive Soret coefficient, and the other five without an external vibration. Four of IVIDIL runs 

with no forced vibration were considered in this section, and they have been selected herein for 

validation. 

Table 3: Details of considered SODI runs in this study 

SODI Run # C0,IPA f[Hz] A[mm] ΔT[K] STx10
3
[K

-1
] 

(This study) 

Dx10
10

[m
2
s

-1
] 

(This study) 

IVIDIL Run 2 10% 0 0 5 -8.81 6.59 

IVIDIL Run 2R 10% 0 0 5 -8.58 6.85 

IVIDIL Run 33 50% 0 0 15 5.16 1.61 

IVIDIL Run 33R 50% 0 0 15 4.96 1.60 

IVIDIL Run 39 50% 0.05 70 10 --- --- 

Ternary case 

DSC Run12 

80%IBB, 10% THN, 

10%C12, 

---  

--- 

 

--- 

 

--- 

 

--- 

Run 2 and Run2R were used for comparison to runs with negative Soret coefficients with 10% 

initial mass fractions of IPA and a 5 K temperature differential; in addition, Run 33 and Run33R 

were included and possess (50% initial IPA mass fraction) positive Soret coefficients and  a ΔT 

= 15 K. The ‘R’ suffix in the title of the runs instants for “repeated”. 

In order to validate the software for the different conditions of the Soret effect, two major 

benchmark cases with positive or negative Soret coefficients were chosen to prove the accuracy 

of the software for stable and unstable conditions of Soret. 

The temporal separation of the isopropanol is shown in Figure  2-4 for runs 2, 2R, 33, and 33R. 

The maximum separation was calculated based on the average concentration of the 100 pixels 

along the x-direction and close to points P1 and P2 in Figure  2-2 Moreover, the best-fit curves to 

the runs with positive and negative Soret coefficients are plotted in this Figure. The first 12 hours 

illustrates the thermodiffusion separation, while the last 6 hours is the diffusion time of the 

experiment. It must be noted that,  
0 0 23

2 1 , , ,p T C
n c


  means the rate of change of the refractive 

index with a change in the concentration of the first component in the condition of initial 

pressure, temperature, and constant mass fraction of the third component while the second laser 

is being used. 
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The results show the reproducibility of the system as the repeated runs are fit closely. The curve 

of the separation rate is fairly smooth as a result of using the accurate image processing method 

(WFT). Moreover, the results are in agreement with the theoretical trends obtained by using the 

benchmark Soret and diffusion coefficients. For a quantitative comparison, the Soret and 

diffusion coefficients were determined for each experimental run based on the concentration 

difference presented in Figure  2-4. All of the measured coefficients are within the error band of 

the benchmark studies and the relative error is maintained at less than 8% with respect to the 

mean benchmark values of the diffusion coefficients. 

 Results and Discussion 2.4

In this section, the results obtained by windowed Fourier transform (WFT) for a typical MZI 

thermodiffusion experiment were compared with the basic Fourier transforms or phase shifting 

methods. Several parameters, such as the refractive index, temperatures, and concentration fields, 

for the binary and ternary mixtures were investigated. The concentration and temperature 

profiles were captured on a plane at the middle of the cavity as shown in Figure  2-2. The 

variation of the considered parameters along lines L1, L2, L3, and L4 at the middle and close to 

the walls on this plane are studied. Finally, the separation between points P1 and P2 was also used 

for comparison purposes. 

Many studies have used the FFT method to analyze the images obtained by the MZI technique 

for thermodiffusion experiments, such as the extensive works of Shevtsova et al. 

[65,66,109,114]. The results obtained by this method usually contain a noisy concentration (or 

refractive index) field, especially at the interface of the contour bands. These massive 

fluctuations are not related to the physical characteristics of the system, such as the size of the 

cavity, but rather are a consequence of the image processing technique (see Figure  2-5). 

The wrapped phase map by FFT is illustrated in Figure  2-6a and the corresponding unwrapped 

image is shown in Figure  2-6c. Performing the unwrapping procedure with a wiggly boundary 

causes  all neighboring pixels to be affected by the noise. Despite this, the wrapped phase filtered 

by WFF becomes clear and smooth, as shown in Figure  2-6d. The corresponding plot using FFT 

is shown in Figure  2-6c. In this case, the strongest spot that exists in the fringe images may cause 
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5 or 25 percent error in the calculation of the refractive index of Figure  2-5b, respectively, 

because it combines two-phase bands together during the unwrapping process.  

The refractive index can be calculated from the unwrapped phase map. However, when FFT was 

used, fluctuations in the refractive index contours were created, as shown in Figure  2-7a, 

especially close to the hot and cold walls. The pattern obtained by the WFF method 

(Figure  2-7b), however, was smooth and all of the local noise and fluctuations were removed. 

These observations were also obtained for the temperature profile calculated. A linear 

temperature variation was attained in the cavity at the end of the thermal time (t= 12 h) at the 

middle of the cell. 

 

Figure  2-4:Maximum concentration variation between hot and cold walls for negative and 

positive Soret effect for the binary mixture 
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Figure  2-8 displays the contours of the temperature field inside the binary cell during Run33. The 

obtained temperature field was much smoother for the case of WFT (Figure  2-8b) over that of 

the FFT method (Figure  2-8a). WFF provided the exact and precise temperature profile inside 

the cell; however, the FFT measurements were also acceptable for the temperature field and the 

errors were locally limited. Thus, the FFT method was reliable in measuring the temperature in 

the range of the current study, that is, with a 5 K temperature difference in the system. The 

nonlinearity in the temperature variation observed at the corners was due to a small lateral gap 

between the quartz glass and both the cold and hot walls of the cell. The same observation was 

recorded in other studies[112]. 

 

(a) carrier fringe patter (b) phase by FFT at t=12.05h (c) phase by WFF at t=12.05h 

Figure  2-5: Input is a noisy fringe; output is a filtered fringe pattern, phase map using FFT and 

WFF. Phase map using FFT and WFF  

Studying the variation of the concentration in the entire domain is the main key to understand the 

double diffusive interaction phenomenon, which was one of the fundamental motivations of the 

SODI facilities. Figure  2-9 illustrates the concentration contours inside the primary cell during 

Run39 at the end of the thermodiffusion phase (t= 12 h) obtained by both the FFT and WFF 

methods. Despite the better result of WFF, it might be argued that the concentration map 

calculated by FFT provides a good enough agreement that reduces the calculation cost 

remarkably.  

It must be noted that the most important parameter to be extracted from the thermodiffusion 

experiment is the maximum separation of the components, and according to this parameter, the 

Soret coefficient can be measured. In short, while having a clear view is helpful to analyze the 
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pure diffusion in the system; it is essential to have the most accurate measurement of the 

concentration near both hot and cold walls in order to precisely measure ST. 

  

(a) a wrapped phase by FFT (b) wrapped phase by WFF 

  

(c) unwrapped phase of part (a) (d) unwrapped phase of part (b) 

Figure  2-6: General results of the unwrap a phase map a) with and b)without badpixels or bad 

region close to boundaries showed in part c and d respectively 

The last two parts of this figure demonstrate the same field one hour after the termination of the 

applied temperature difference, as the species were diffusing to establish a homogeneous 

mixture. The FFT results illustrate a wiggly pattern with stronger noise close to the walls, while 

the WFF results show isolines that are clear and smooth even at the corners of the cell. That the 

isolines can be distinguished trivially by WFF is an important result, since it is usually at the 

boundaries that the noise most affects the results. The maximum separation must be calculated 
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using the extracted data inside the noisier region (close to walls). Thus, Figure  2-10a shows 

concentration variations along the thermal gradient direction close to the lateral wall of the cavity 

(line L2 in Figure  2-2), and Figure  2-10b illustrates the same but near the hot wall (line L4 in 

Figure  2-2). 

 

 

 

 

(a) Refractive index by FFT (b) Refractive index by WFT 

Figure  2-7: Refractive index contour from a carrier fringes(t=125 s), wiggly domain in evident in the 

first part of the figure 

The main oscillatory pattern is due to the external forced vibration imposed during Run33, which 

is traced by both methods. However, Figure  2-10a shows continuous fluctuations extracted using 

the FFT method, which do not exist in the real behavior that is extracted by WFF. It seems that 

the noise of the FFT method have a particular frequency and amplitude in this plot that is 

completely removed by WFF. 
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a) FFT b)WFF 

Figure  2-8: Temperature contours by different Fourier technique after two thermal times for binary 

cell Run2R 

  

(a) FFT at t = 12h (b) WFF at t = 12h 

 
 

(c) FFT at t = 13h (d) WFF at t = 13h 

Figure  2-9: IPA concentration contours in the cell for IVIDIL-Run33 

The concentration near the hot and cold walls are the most important variable, which results in  

the quality of the FFT method being lower near these walls, as shown in Figure  2-10b. The 

closest row of the pixels to the hot wall (FFT1) shows dominant fluctuations. This failure in the 

FFT method may be improved by analyzing the pixels at a larger distance from the wall. The 

mass fractions on the tenth pixel row (out of more than 800 row pixels) is also plotted in 
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Figure  2-10 in green (captioned as FFT2), which displays a smoother and better performance at 

the middle region of the line L4. We observed that WFF provides a noticeable improvement of 

the concentration curve along the length of line L4. Although the concentration profile of the 

binary system extracted from the FFT method illustrated the wiggly domain, the profile pattern 

can still imitate the real one. However, for the case of the ternary mixtures the measurement 

conditions became more critical.  

 

(a) along lines “L2” :comparison between FFT and WFT 
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(b) along lines “L4” 

Figure  2-10: Results of mass fraction of IPA along different lines 
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Figure  2-11: Concentration variation for DSC Run 12 at the end of thermodiffusion phase that 

shows the maximum separation in the system 

The impact of the WFF on the concentration profiles proved more essential for ternary systems. 

Solving for the flow variables is a more complex process in case of a ternary mixture over a 

binary mixture, and the error is more pronounced as a result of the linked system of equations. 

The concentration distribution was completely different when comparing the FFT and WFF 

methods as demonstrated by Run12 from DSC shown in Figure  2-11. The variation of the 

species concentration was very small for this ternary mixture (less than 0.003 [wt]). The contours 

of the concentration obtained by the FFT method (Figure  2-11a,c) are not distinguishable from 

each other. Due to the lack of considerable separation of C12 in comparison with THN or IBB, 

these observations were even worse for the C12 contour. When WFF was employed 

(Figure  2-11b,d), the concentration gradient became discernable, but the errors were still not  

eliminated completely. However, the enhancement of WFF, especially for the case of THN, was 

substantial and was used to extract the needed parameters. The results show when the maximum 

separation in the domain is small (<0.003 [wt]), the FFT method cannot be employed as a 

reliable tool. 
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(b) maximum separation between hot and cold walls versus time 

Figure  2-12: Comparison results of FFT and WFF for a ternary case 

As mentioned earlier, the concentration profile at the center of the cavity is less affected by noise 

in the system. The concentration of THN along lines L1 and L3 are plotted in Figure  2-12a. The 

black solid and dashed lines correspond to the results of the WFF method and the FFT method, 

respectively. The fluctuation along the x-direction is stronger than the y-direction for both 

methods. The variation along the x-direction is plotted at the center of the cell, which must 

display the initial concentration of the components along L3 during the experiment. WFF extracts 

a more accurate result that satisfies the requirement of the initial concentration at the center of 

the cell (~0.1±0.0003 [wt]).  

The FFT result does not satisfy this condition as it deviates ± 0.0012 from the required initial 

condition. In this case, the maximum separation in the system was less than 0.0065 [wt], which 

means that there was more than 18 percent variation in the intensity at any point in the domain 

using FFT. It is worth to mention that this error for the C12 is more than 40 percent, because the 

maximum separation of this component is about 0.0014 [wt], which is in the same order as error 

bar of the processing. The similar deflection along the y-direction was also noticeable using FFT, 

where the maximum concentration fluctuation compared to linear variation between the hot and 

cold walls along line L3 was 0.0016. 
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The MZI method provided the advantage of live tracing of the concentration distribution in the 

cell, a feature which is not accessible while using other experimental methods. Accurate capture 

of this capability is important for many different techniques of Soret effect measurements. 

Figure  2-12b illustrates the maximum temporal separation of THN in the ternary system during 

the thermodiffusion phase. Despite the more accurate values of Soret coefficient extracted with 

WFF, it must be noted that the FFT plot may represent the real trend of the maximum separation 

with a specific of fluctuation from reference of 0.0015 [wt] for the mixture in the normal 

condition. However, this error for the ternary mixtures at the critical conditions, such as choosing 

the points closer to walls to get the maximum possible separation or utilizing two lasers with 

close wavelengths in the experiment that results in more sensitive measurements, is more 

important and produces a deviation of 0.003 [wt] based on Figure  2-12a and Figure  2-11. This 

deviation in the ternary case may cause more than 30 to 50 percent error in measurement of the 

Soret coefficient if FFT is used. 

 Conclusions 2.5

The application of the two-dimensional windowed Fourier transform and its use for filtering 

during image processing of thermodiffusion interferometry experiments were investigated for the 

first time. A MATLAB program was developed that is facilitates the use of both FFT and WFT 

methods. In order to determine the impact the FFT and WFF methods on MZI thermodiffusion 

experiments, six different runs that were performed on board the ISS were analyzed according to 

both FFT and WFT. The overall requirements and different aspects of both FFT and WFT 

methods were discussed. It is shown that if WFT parameters are properly chosen, it can 

significantly reduce the noise from the fringe pattern of a MZI thermodiffusion experiment. The 

FFT method gives a reliable measurement of temperature for such a problem when a large 

thermal gradient (~ 5 K) exists between the cold and hot walls and when it is not essential to 

record precisely the temperature variations at different points in the domain. The comparison of 

the results shows that the WFT provides a noticeable improvement on the measurement of 

concentration. This improvement is more pronounced when dealing with very small variations in 

ternary systems. The FFT fails to extract a reasonable concentration profile for the ternary 

system. It is concluded that when the maximum separation in the domain is less than 0.003 [wt], 
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the results of the FFT method is not reliable and may introduce more than 40 percent error in the 

measurements. This work provides the necessity of using the windowed Fourier transform 

method to study optical digital interferometry experiments involving both heat and mass transfer. 

The vital role of WFT method is indispensable in studying thermodiffusion in ternary systems. 
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3 Chapter 3: Theoretical and Experimental Measurement 

of Thermal Time for MZI to Study Heat and Mass 

Transfer Phenomena 

 Introduction 3.1

When there is a constant temperature difference, various mixtures have different tendencies to 

separate. This tendency can be characterized by the thermodiffusion coefficients (DT), the Soret 

coefficient (ST), and the diffusion coefficient (D). Two of these coefficients must be measured 

experimentally, and the third one can be calculated as follows: DT = D × ST [94]. Accurate 

measurement of the thermodiffusion coefficient is important in oil exploration and in optimal oil 

recovery, since thermodiffusion causes diffusion fluxes in hydrocarbon reservoirs [64,110]. 

While the Soret coefficient is recognized as difficult to determine in ground conditions because 

of technical constraints in the control of liquid convection and convective instabilities [63], if the 

cell is heated from the top and the Rayleigh number is less than a critical value, then a pure 

thermodiffusion process occurs in the convectionless regime [41].  

While most of the experimental methods can provide only the maximum separation in the field, 

the interferometry method can allow visualization of the front and side views of the experimental 

cell. These views result in plots of the temperature and concentration contours in the system 

versus time. The Mach–Zehnder interferometer is a setup employed to measure the relative phase 

shift between two collimated beams from a coherent light source. Mach-Zehnder interferometry 

(MZI) has been found to be an accurate and precise experimental model to monitor 

thermodiffusion inside a cubic cell when a thermal gradient is applied across two parallel sides 

of the cell. Processing the results of this experiment requires determining the stage of the 

experiment that temperature variations mainly govern the change of the refractive index of the 

mixture, known as thermal time, and the phase that the refractive index changes are due to the 

separation of the components, which is called diffusion, or thermodiffusion phase. We can 

separate these two phases according to the theoretical thermal time of the liquid mixture. 

However, as separation of the components starts when the thermal gradient is applied, during the 
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thermal time the change of the refractive index in the system occurs because of the coupling of 

the heat and mass transfer in the system. Therefore, an accurate duration for this stage must be 

determined, otherwise the high ratio of separation at the beginning of experiment would be 

missed [112]. 

The thermal time must be calculated individually for different setups and experiments; 

nevertheless, the thermal time of the mixture can be calculated based on the physical properties 

of the materials and characteristics of the experiment according to the specific application of heat 

transfer. For instance, in order to study the effects of temperature on dormancy loss and 

germination [115] and for a practical engineering work [116], new time constants have been 

defined and used. In addition to what mentioned before new experimental models were 

developed to measure the thermal relaxation time constant [117,118] for cases in which there 

were some limitations and constraints that had to be considered.  

 Chapter Aims 3.2

In the present chapter, a theoretical approach and experimental models are employed to estimate 

the thermal relaxation time of the optical digital interferometry experiment that deals with 

coupling between heat and mass transfer phenomena. Mach-Zehnder Interferometry was found 

to be accurate and precise experimental model to visualize the thermodiffusion phenomenon 

inside the cubic cell, when a thermal gradient is applied at two sides of a cell. Processing the 

results of this experiment requires distinguishing the phase of the experiment in which the 

temperature variation governs the change of the refractive index from the phase that the 

refractive index changes due to the separation of the components. We can separate these two 

phases according to the thermal time of the liquid mixture. In previous studies L
2
/ χ (L is the 

distance between hot and cold sides and χ is thermal diffusivity of the mixture) was used as the 

thermal time of the liquid. Due to a high separation rate at the beginning of the thermodiffusion 

process, a precise measurement of the thermal time can significantly affect the final result of the 

interferometry measurements. Here, theoretical and experimental evidence were used to estimate 

the proper thermal time for this experiment. We also discuss the influence on the experimental 

results of using these models. 
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 Experimental Setup 3.3

A cubic cell of 1 cm length in the x, y, and z directions was used. The geometry of a generalized 

Soret cell used on board the international space station (ISS) for the SODI (Selectable Optical 

Diagnostics Instrument) experiments is shown in Figure  3-1. 

 

Figure  3-1: Scheme of the general Soret cell 

Figure  3-2 shows the sketch of the optical apparatus that was employed as the MZI setup on 

board the ISS [27,110,119]. In this series of experiments, two laser beams of constant frequency 

and wavelengths of λ = 670 nm and λ = 935 nm were implemented. However, it must be noted 

that the results discussed herein were those from the laser with the wavelength of λ = 670 nm. 

 

Figure  3-2: Optical digital interferometry scheme utilized with laser means of two different 

wavelengths as λ=670nm and λ=935nm on-board ISS 
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 Experimental Sequences 3.4

Each stage of the experiment lasts between 6 to 36 hours according to the diffusion time of the 

mixture. However, in some cases there was not enough time allotted for the experiment to reach 

the steady state condition. For example, a series of interferometry experiments to measure the 

Soret coefficient of binary and ternary mixtures was performed on board the international space 

station. In this experiment instead of the 27 h that would be required for the experiment,  

limitations on the ISS meant that only 12 h was devoted to the separation of the component for 

the thermodiffusion stage [112]. When a steady-state (maximum) separation is not obtained, a 

curve-fitting method should be implemented to estimate the diffusion coefficient. The next 

equation represents the analytical solution of the mass transfer phenomenon for a binary mixture 

at a zero-gravity condition. The curve fitting was performed based on the best estimates of values 

of D and ST in this equation that provide the closest matches with the experimental separation of 

the components [120]. 

In the above equation, ST and D are unknown coefficients and τD is the diffusion time of the 

mixture 

2

D 2

L

D



 . It is worth noting that when steady separation is obtained, Equation  3-2 can 

be simplified as, 

Accordingly, the first step of the experiment was to initialize mixture characteristics by reaching 

a uniform concentration and temperature inside the cavity. After that, the cell and interferometer 

were stabilized at the desired mean temperature. The next step was achieved by applying a 

thermal gradient across the cell. The thermal time which represents the time that thermal 

equilibrium is established is a function of cell’s dimensions and the mixture thermal diffusivity 

τth=L
2
/χ. Even though the separation of the components starts as soon as the thermal gradient is 

applied across the cell, it was assumed [18,27,110,114] that during the thermal time any change 

in the refractive index was due to the temperature variations in the system. This assumption was 
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justified by comparing thermal and diffusion characteristic times. As the diffusion time in most 

of the cases is at least 100 times greater than the thermal time, neglecting the first few minutes of 

the diffusion time (less than 1%) will not affect the maximum separation at the end diffusion 

time significantly. On the other hand, a high ratio of the total separation occurs at the beginning 

of the thermodiffusion phase. Thus, the thermal times for MZI thermodiffusion experiments must 

be either calculated or measured individually in order to obtain an accurate result. 

 Methodology 3.5

The main techniques used to process images was Fourier transforms followed by specific 

filtration and an unwrapping procedure [119], which resulted in a continuous phase map of each 

image. Then, this output was converted to show the refractive index variation n in the cell 

according to the following formula: 

where L is the optical path length, defined as the distance that the laser passes through the liquid 

in the cell. As shown in the above equation, the variation of refractive index is equivalent to the 

change in the optical phase. Since concentration and temperature contribute to the variation of 

refractive index for any given wavelength, the following relationship can be used to calculate 

ΔT and ΔCseparately. 

where w is the number of components in the multicomponent mixture, and j and i are the indices 

that represent different components and various optical parameters for the 670 nm and 935 nm 

laser beams, respectively. 

The temperature and concentration of the components were then calculated for a binary mixture 

from the refractive index variation during the thermal time and diffusion time according to 

Equations  3-5, and  3-6 respectively. 
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3.5.1 Solution of Energy Equation for the MZI Experiment 

The following assumptions can be made for MZI thermodiffusion experiments under normal 

conditions: 

 Convectionless regime 

 Zero gravity  

 Constant thermal conductivity 

 Constant thermal diffusivity 

 Zero heat flux at the non-heated walls; 

In these conditions, the heat transfer between the hot and cold walls of the cell can be described 

by the 1-D transient heat conduction equation: 

If the reference of coordinate system is located at the cold wall, it is possible to express the initial 

and boundary conditions of the problem as a function of the temperature as follows:  

Considering the non-dimensional temperature and length as: 

,mean

hot mean

T T z
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Using the mentioned non-dimensional terms in Equation  3-7, the non-dimensional form of heat 

transfer can be shown as, 
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where τth is non-dimensional time as 
th 2

t

L


  . At τth = 1, the solution of the above partial 

differential equation (PDE) represents the thermal behavior of the system at steady state. Thus, 

the corresponding value τth = 1 can be used for general heat transfer problems when there is no 

time constraints or limitations. However, as a result of mass flux during the thermal time of the 

thermodiffusion process, a precise calculation of the thermal time is required. Otherwise, a 

noticeable amount of separation at the beginning of the diffusion process will be neglected. 

The above condition demonstrates a non-homogeneous PDE problem. Thus, the non-dimensional 

temperature can be expressed in the form of
( , ) ( , ) ( )X X X     to satisfy the non-homogeneous 

boundary conditions. The non-dimensional initial and boundary conditions are presented below: 

Substituting 
( , ) ( , ) ( )X X X    in the main equation would result two independent differential 

equations that have homogeneous conditions: 

Equation  3-12 can be solved using the separation of variables (
( , ) ( ) ( ).x xF G   ), where 

.sin( )F A X and
2.exp( )G C    . Thus,

2

( , ) .sin( )exp( )X pctn X      , in which ctnp is 

a new unknown coefficient and  is p
 where p varies from 1 to infinity. In order to calculate 

ctnp the concept of orthogonal functions concepts should be employed for the following 

equation: 
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Consequently, 

At the end, by using the dimensional parameters instead of non-dimensional numbers, the 

temperature variation versus length of the cell would be found as: 

At t = ∞, Equation  3-15 can be simplified to a linear variation between the cold and hot walls as 

presented in Equation  3-16: 

In order to measure the Soret coefficient of any mixture, the maximum separation of the 

components due to the temperature difference must be obtained. The maximum separation 

occurs near the hot and cold walls of cavity as shown by lines L1 and L2 in Figure  3-1. 

3.5.2 Theoretical Model to Determine Thermal Time for Mixtures with 

Negative Soret Coefficients 

Two different situations may occur during the MZI thermodiffusion experiment for different 

compositions of a mixture: First, a negative Soret coefficient represents a stable condition (most 

frequently occurs for the mixtures), and second, a positive Soret coefficient that means an 

unstable condition of heat and mass transfer in the system. For the first case (negative Soret 

coefficient means the heavier component moves towards the hot side), both application of the 

temperature gradient and separation of the components increase the absolute value of the 
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refractive index difference between the hot and cold sides. By considering the thermal time equal 

to tth=L
2
/ χ, Δn measured during this period caused by temperature variation and separation, the 

entire change of refractive index that is measured after this time may not give an accurate ΔC. It 

is because a portion of the separation during the thermal time is not considered. This results in an 

overestimation of the temperature variation during the thermal time and an underestimation of 

the concentration variation during the diffusion time. On the other hand, if we consider the 

thermal time before the steady-state condition (
2

th

L
t


 ), during the thermal time there would be 

a Δn that is not considered and will be counted during the diffusion time, a process that is not 

precise either. Thus, if we set the amount of refractive index change that is not considered equal 

to the amount that is added correctly, we end up with the accurate time that is need to be 

determined  for the MZI thermodiffusion thermal time measurement. During the thermal time, 

there was a deviation from the linear temperature variation between walls (linear variation of ∆T 

occurred at 
2

th

L
t


 ). Figure  3-1a shows the temperature variation at eleven points along the z-

direction of the cell represented in Figure  3-1. It is evident that at the second half of the thermal 

time, there is almost no variation of temperature in any of the locations. However, due to the 

sensitivity of the refractive index to small temperature changes, even this small temperature 

variation should be studied in detail. Moreover, the non-linear temperature deviation illustrated 

in Figure  3-3b suggests that the steady-state condition occurs at different times at the various 

locations along the z-axis. In order to determine the critical locations, the non-dimensional time  

(
2

th

L
t


 ) was chosen at which 99.99% of the steady non-dimensional temperature was achieved, 

as plotted in Figure  3-4 (which means the time that θ - θth= 0.0001 is a function of location). 

Locations X=( z / L)=1/4 and 3/4 reached thermal steady condition later than the other locations 

in the field. Thus, we have calculated the thermal time for these critical points. The temperature 

difference between these two points is  

1 2 2
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where k is 1, 2, 3, …. The deviation of the temperature difference in Equation  3-17 (of locations 

X= (z/L) =1/4 and 3/4) from its value at the thermally steady time can be expressed as in 

Equation  3-18:  

 

(a) Temperature variation at different locations along z-direction 

 

(b) Temperature deviation from the linear variation at the steady condition at different locations 

along z-direction 

Figure  3-3: Non dimesional Temperature variation at various locations 
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On the other hand, it is an accurate assumption that separation of the components starts when 

99.99 % of the applied temperature gradient has been formed the hot and cold walls of the entire 

domain. According to equation  3-18, this situation happens at τth = 0.221. In addition, 

Equation  3-1 can be rewritten as follows for the same location: 

If the thermal time for the MZI thermodiffusion experiment is considered before 
2

th

L
t


 , there is 

a change in the refractive index due to the temperature during diffusion that belongs to the 

thermal time, and conversely there is also a change in the refractive index due to separation 

during the thermal time that belongs to the diffusion time. If we set these two changes equal to 

each other, we can find the exact thermal time for the MZI experiment. 

In order to solve Equation  3-22, the graphical or iterative method can be used for any specific 

mixture with negative Soret coefficient. Interestingly, the solution is not a function of the 

temperature difference in the system, but it is a function of the thermal diffusivity, the diffusion 

coefficient, and the distance between the cold and hot sides. Figure  3-5 illustrates the graphical 

solution for Equation  3-22 in which the test mixture is water/isopropanol (10 % initial mass 
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fraction of IPA) in a cubical cavity that measures 1 cm
3
. At 216 s, the refractive index difference 

is the amount that must be considered for the first step of the experiment in order to obtain 

accurate results for the concentration contours. One may argue that the ST used in this thermal 

time modeling is by itself a function of the thermal time, even though it is used as a parameter in 

Equation  3-22. 

 

Figure  3-4: Temperature deviation from the linear variation at the steady condition at different 

location along z-direction  

 

Figure  3-5: Refractive index versus time during L
2
/ χ  
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In this case, it must be noted that the Soret diffusion coefficient adjusts the slope of the diagram, 

which does not change the final solution of this problem noticeably. For instance, we found that 

for our sample mixture (water/IPA), if the ST is assumed to be two times greater (ST,greater 

=16.95×10
-3

) or smaller (ST,smaller =4.24×10
-3

) than its benchmark value (8.47×10
-3

), the final 

calculated thermal time does not change more than 26 s from the one that calculated with an 

accurate ST. This means that there is less than a 5 % relative variation in comparison with the 

value of tth. The proposed value of the thermal time that is obtained by this method was more 

than three times smaller than tth . The same argument can be made for the effect of varying the 

initial time that the separation is started, tc. If the separation starts when 90% (or 99.999 %) of 

the assigned temperature variation is built up across the cell, the final answer of Equation 

Equation  3-22 varies about 17 s (or 30 s).  The accuracy of this model is not a strong function of 

the initial estimates of unknown parameters.  The model is, therefore, a solid and reliable method 

to calculate the required thermal time for the Soret diffusion coefficient measurement of a 

mixture with a negative Soret coefficient using optical interferometry. 

3.5.3 Experimental Method to Determine the Thermal Time for Mixtures 

with a Positive Soret Coefficient 

For the case of mixtures with a positive Soret effect, the change of refractive index due to 

temperature and concentration variations occurs in the reverse to that in mixtures with a negative 

Soret effect. Application of the temperature gradient increases the maximum refractive index 

between walls; however, when separation occurs, the refractive index difference between the 

walls decreases. In other words, in a water/IPA mixture with a positive Soret effect, as IPA 

separates towards one wall, the refractive index difference between walls due to temperature 

differences in the system decreases during the thermodiffusion stage. Parts a and b of Figure  3-6 

demonstrate the absolute value of the maximum refractive index variation between the hot and 

cold sides of the cell during all three stages of the thermodiffusion experiment for two mixtures 

with either a negative or positive Soret coefficient, respectively. 

The experiment includes a 100 s soak at the mean of temperature 298.15 K, then application of a 

temperature difference for 12 h (the thermodiffusion stage), and finally 6 h after terminating the 

applied temperature gradient in the system in order to return to the initial conditions. After the 
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thermal time, the refractive index difference still increase for a negative Soret effect, while it 

decreased for the mixture with the positive Soret effect. 

 
 

(a) : Negative Soret effect (b) Positive Soret effect during the entire 

experiment 

Figure  3-6: Temporal maximum refractive index difference between the cold and hot walls  

Figure  3-7 schematically shows the variation of the refractive index due to the temperature 

difference between the hot and cold walls (∆nT, dashed line) and the refractive index difference 

caused by the concentration change at the beginning of thermodiffusion phase (∆nc, dotted line). 

 

Figure  3-7: Temporal maximum refractive index difference between the cold and hot walls for 

positive Soret effect 

The summation of these two refractive index differences (∆nexp=∆nc+∆nT) can be captured by the 

interferogram, which is shown Figure  3-7 (solid line). For mixtures with a positive Soret 

coefficient, it is not possible to precisely separate the effect of temperature and concentration 
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variation during the thermal time, but it is evident that when the slope of the refractive index 

changes from positive to negative the refractive index variation depends mainly on the separation 

of components. 

 

(a) the hot and cold walls 

 

(b) X=1/4 and X=3/4 at the beginning of the experiment 

Figure  3-8: Temporal maximum refractive index difference for the case with positive 

Soret between different locations  
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In this experiment, while separation of the mixture components started before ∂n/∂t = 0, the time 

at which this is true might be the shortest answer for the thermal time of the mixture with a 

positive Soret coefficient (as thermodiffusion is coupling between heat and mass transfer). 

Furthermore, the effect of the temperature variation on the refractive index difference may exist 

after this point, but it would vary in the opposite direction to the effect of the concentration on 

refractive index and reduces the total measured ∆n in the system. Thus, if we consider the 

reference image at the time when the maximum refractive index starts to decrease, the measured 

Δn after this point is not purely caused by the change in the concentration variation in the 

system. It can be claimed that the actual separation between the points P1 and P11 in Figure  3-1 

should provide a greater value of Δn than is measured experimentally after this point.  At this 

point, the separation has already started, and part of the influence of the mixture separation on 

the refractive index variation is cancelled out by the change of temperature in the cell. 

Two correction values must be added to ∆C to obtain the final result of the experiment (∆Cexp), 

even if the thermal time is considered when the maximum |∆n| occurs. These corrections are 

modelled here. The curvature change of the refractive index variation between the walls occurred 

at different times for different height locations of the cell. The locations near the hot and cold 

walls reach thermal equilibrium faster than other locations, whereas locations with X = 1/4 and 

3/4 are the critical locations, which reach the steady-state thermal condition latest. Figure  3-8a 

illustrates the refractive index difference between points P1 and P11 (near cold hot walls) and part 

b of this figure demonstrates refractive index difference between the points at x = 1/4 and 3/4.  

Table 4: Optical properties of the water-IPA mixture measured at T= 298 K for laser with the wavelength of 

670 nm and cubic cell 1[cm]×1[cm]×1[cm] [75,112] 

 

Mixture 
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/10-7 [m2s-
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TD 

     

H20(90%)IP

A(10%) 

1.31 0.763 -1.343 -9.23 -8.47±1.5 7.10 ±0.4 -60.2±10 

H20(50%)-

IPA(50%) 

0.85 1.176 -3.474 -3.64 5.99±0.3 1.60  ±0.1 9.57 ± 0.5 

The maximum value of Δn occurred at t ~ 560 s for the locations that reached thermal 

equilibrium last, as shown in Figure  3-8b. This means that after 7.5 minutes of applying the 

temperature gradient, separation has begun (considering the first 100 s at a mean temperature of 
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298.15 K). Note that tth=L
2
/ χ is about 20 minutes for a 50/50 % by mass water/IPA mixture, 

which is the second mixture investigated in this study. This shows that for a mixture with a 

positive Soret effect, the maximum thermal time must not exceed more than 40 % of τth. It can be 

concluded that assuming the thermal time equal to tth= L
2
/ χ leads to an underestimation of ST. It 

must be noted that the highest ratio of the separation occurs at the beginning of the 

thermodiffusion phase and must be measured precisely. Therefore, a correction value for this 

period must also be considered. 

3.5.4 Calculation of ∆C Correction Values for Mixtures With a Positive Soret 

Effect 

First, a correction value that might be considered due to the negative effect of temperature 

variation after the thermal time can be modelled. The exact time at which ∂nexp /∂t = 0 can be 

determined experimentally is tp, as shown in Equation  3-19. As this ∆T decreases the maximum 

refractive index variation between the walls, the corresponding correction value of ∆C can be 

found as follows:  

This correction must be added to the maximum separation that is found close to the hot and cold 

walls as    ( , ) (0, ) ( , ) (0, )p pL L t tT T T T    . As the temperature close to the hot and cold walls (X = 

0.01 and 0.99) must be considered, the ∆T in Equation  3-23 will be less than 2.5×10
-8

 K or 

∆θ=2.5×10
-8

. Using this value in Equation  3-19 results in the maximum possible value for 

∆Ccorr1, which is on the order of 10
-6

. Because the order of experimental separation is a least 

about 10
-3

, this correction value may not change the final result by more than 0.05 %. Thus, 

according to the experimental uncertainty this variation can be ignored.  

The second correction value that must be considered due to separation during the thermal time 

can be modeled by adding in the experimental separation. Thus, Equation  3-24 can be derived.  
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As the temperature variation in the cell is known, ∂T /∂t and the values of ∂nT /∂t and ∂nc /∂t at tp 

can be calculated. According to the measured ∆Cexp, the initial value of ST can be found. As we 

know, the final corrected value of ST may not change more than 5 to 10 %, so this value can be 

used and based on this equation ∂nc /∂t can be calculated analytically. As the value of ∂nc /∂t at tp 

is known, we can estimate the time corresponding to this value. Having this neglected diffusion 

time and employing the derived equation yields the value of ∆Ccorr2. Thus, the total correction 

∆C during the experiment can be expressed as Equation  3-25. 

For our test mixture of 50/50 water/IPA, application of the mentioned procedure yielded an 

increment of 4 % for the maximum separation in the system.  

3.5.5 Implementation of an Iterative Evolutionary Optimization Curve-fitting 

Technique to Calculate ST 

In this section, an iterative curve-fitting method based on an evolutionary optimization algorithm 

is described for the MZI thermodiffusion experiments used to accurately measure the Soret 

coefficient. This technique is useful even when the precise thermal time could not be calculated 

according to the processes in the previous two sections. In these cases, the thermal time is 

calculated based on L
2
/ χ, and as a result of having some separation occurring before the thermal 

time ends, a correction procedure must be applied to extract the real value of the separation. 

Table 5: Result of Iterative method after various iterations 

Iteration# 1 2 3 4 5 6 10 

ΔC /10-3 [-] 2.74 2.93 2.96 2.99 3.01 3.04 3.05±0.02 

ST /10-3 [K-1] 7.45 8.21 8.35 8.49 8.58 8.65 8.65±0.21 

All of the above-mentioned procedures were used to estimate the ST and D for the separation that 

was captured after t = tth. As mentioned earlier, we assumed the separation started when t = 

0.221×tth. This means that the separation between t = 0.221×tth and t = tth was not considered in 

the final results. Then using Equation  3-25 and the first estimates of the ST and D, the separation 
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after t = 0.779×tth was found. Next, 
0.779 tht tC |
 

 was added to all measured ΔCexp to adjust for the 

separation that started at t = 0.221×tth. Up to this point, the first iteration of the experimental 

result correction has been completed. For the next iterations, we used the same optimization 

method to find the ST and D based on the corrected concentration difference between walls. Then 

according to the new estimated coefficients, a new value for 
0.779 tht tC |
 

  was introduced and this 

procedure was iterated until a steady-state solution was reached.  

It must be noticed that in the first iteration in this method we assumed that the separation of the 

component starts at tc0 = tth; however, for the next iterations we corrected this assumption by 

using tc0= 0.221×tth as the initial time for the separation. Afterwards, the GA optimization 

approach using the corrected time and separation was implemented to extract a more accurate 

result. A steady value with less than 0.001 variations was obtained after 5 to 10 iterations for our 

cases in this study. Table 5 demonstrates the results of this iterative method after various 

iterations for the mixture with a negative Soret effect; however, this method can be implemented 

for mixtures with a positive Soret effect, or even for multicomponent mixtures. A convergence of 

the Soret coefficient value after 6 iterations is seen in Table 5.  It appears that applying this 

method may improve the results by about 10 %.  Moreover it must be noted that the first iteration 

generated the result by considering tth= L
2
/ χ. Comparing the results in Table 5 with the methods 

described above, we have shown that performing two iterations calculates about 90 % of the 

correction to the Soret coefficient value. 

The results of these different techniques that were employed in this investigation are summarized 

in Table 6 and are compared with the benchmark value of the mixtures, obtained from Mialdun 

et al. [75]. When tth= L
2
/ χ, the iterative method improved the final Soret coefficients by about 10 

% for mixtures with either negative or positive Soret effects. This suggests that assuming a 

Table 6: Summarized thermal time and Soret coefficient calculated using different methods in comparison with 

assuming  tth= L
2
/ χ and benchmark value of Soret coefficient  

 

Mixture 

 ST assuming 

tth= L
2
/ χ 

Method for 

Negative ST 

Method for 

positive ST 

Iterative 

method  

Benchmark 

Value[75] 

H20(90%)-

IPA(10%) 

Thermal time [s] 763 216 --- 763 --- 

Soret coefficient [1/K] -7.45±0.21 8.56±0.21 --- -8.65±0.2 -8.47±1.5 

H20(50%)-

IPA(50%) 

Thermal time [s] 1176 --- 481 1176 --- 

Soret coefficient [1/K] 5.18±0.29 --- 5.86±0.29 5.91±0.3 5.99±1.5 
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thermal time equal to L
2
/ χ causes an underestimation of the Soret coefficient and the maximum 

separation value. The final Soret coefficients for the mixture with a negative Soret effect 

calculated using the iteration method and the analytical method were quite similar with only 

about 1 % variation between them. In addition, these calculated values show a good agreement 

with the benchmark value, with less than 2 % variation. The results are similar for mixtures with 

a positive Soret effect; however, for mixtures with a positive Soret effect, instead of a theoretical 

method to calculate the thermal time for this experiment an aided experimental method is used. 

For both types of mixtures, we showed that the precise thermal time for Mach-Zehnder 

interferometry must not exceed more than 40 % of L
2
/ χ. It must be noted that in previous studies 

the mentioned ratio (L
2
/ χ) was considered as the thermal time, which we have now shown likely 

underestimates the final result of the thermodiffusion experiment [65,66,109,110]. 

 Conclusions 3.6

In this study, a theoretical approach for the measurement of the negative Soret coefficients and 

an aided experimental model for the measurement of positive Soret coefficients are introduced to 

estimate the thermal time during measurements of the Soret coefficients using optical Mach-

Zehnder interferometry. A new formulation to calculate the thermal relaxation time for the Soret 

effect experiment by means of Mach-Zehnder interferometry was proposed for the negative Soret 

effect, and an experimental approach was provided for measurement in the case of the positive 

Soret effect. For both negative and positive Soret effects, it was demonstrated that the precise 

thermal time for MZI must not exceed more than 40 % of L
2
/ χ. The measured Soret coefficients 

were in good agreement with benchmark values; all of them possessed less than a 3 % variation. 

It was proved that assuming thermal time equal to L
2
/ χ causes about 10 % underestimation in 

the measurement of the Soret coefficients and maximum separation values. We also introduced 

an iterative optimization method to correct the final values of the Soret coefficient and the 

maximum separation when L
2
/ χ is assumed as the thermal time for MZI thermodiffusion 

experiments. The iterative method improved the final Soret coefficients about 9 % for both 

negative and positive Soret effects.   
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4 Chapter 4: Detail Heat Transfer Analysis using MZI for 

Two Different Cell Configurations 

 Introduction 4.1

Temperature measurement in an apparatus can be performed using different techniques. Two of 

the most widely used are optical measurements, such as refractive index measurement and 

interferometry, and thermocouple measurements. Both types of techniques have their advantages 

and disadvantages, which makes them useful in various applications. For instance, optical 

techniques have been used as a non-contact method [121], while thermocouple devices have 

been used for measuring the surface temperature of a liquid metal [122,123]. A combination of 

both techniques was employed by the selectable optical diagnostics instrument (SODI) apparatus 

on board the International Space Station (ISS). The typical geometry and boundary conditions of 

the sample cells for two different series’ of experiments on board the ISS are illustrated in 

Figure  4-1. The temperature gradient was controlled by a thermal unit that consisted of thermal 

sensors, Peltier elements, and a computer controller unit. 

 Chapter Aims 4.2

In this chapter, we investigated the heat transfer and temperature measurement during 

thermodiffusion experiments using the Selectable Optical Diagnostics Instrument (SODI) 

apparatus at reduced gravity. The principles of Mach Zehnder Interferometry (MZI) were used 

for the measurement of various parameters, such as temperature and concentration, in transparent 

cells in the SODI apparatus on board the International Space Station (ISS). In particular, the 

critical behavior of heat flux at the cell’s boundaries was studied. We discuss deviations between 

the temperature differences at the hot and cold sides of the cell when measured using optical 

image processing and Peltier elements, and we suggest a reason for this discrepancy. According 

to the extent of this experimental method, we provide the necessary adjustments to have accurate 

post-processing for MZI thermodiffusion experiments. 
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The quality and accuracy of the thermal controller unit of the SODI apparatus were also studied. 

The sensitivity of the temperature measurements using interferometry was carried out, and we 

found good performance of this method in a microgravity environment. The effects both of the 

weak insulation at the walls and of the distance between the hot and cold sides of the cell are 

discussed. While the thermal unit of the SODI apparatus controlled the temperature across the 

cell within an acceptable accuracy range for all of the thermodiffusion experiments, marginal 

differences between various SODI experiments were observed and reported in this study. Finally, 

we discuss the impacts of different measurement techniques for the temperatures in the 

thermodiffusion experiment. Comparing the results of this study with literature shows that the 

enhancement of heat transfer analysis can lead to a more accurate measurement of the Soret 

coefficient. We have analyzed the heat transfer inside the two cells (one having a cube shape and 

the other one a rectangular shape) using the recorded optical data. We have particularly focused 

on the regions close to the walls, since this is the location that has been previously shown to 

possess the greatest imperfections in thermal gradients due to unintended heat loss from the 

sample chamber [27,112]. We explain the source of disagreement between the optical 

measurement of the temperature inside the cells and the temperature measured using the thermal 

sensors at both sides of the cells. First, a brief description of the SODI apparatus is given, and 

then an introduction to the principles of the interferometry experiment to study heat and mass 

transfer inside the cell is provided. 

 

Figure  4-1: Geometry of the SODI cell. 
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Table 7: Properties of the water-IPA (90:10 %wt)  mixture measured at 

T= 298K for case 1 IVIDIL Run 2R [75] 
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Next, the experimental setup and procedure for this experiment are explained. The results are 

then presented and discussed. Finally, the advantages and disadvantages of each of the methods 

in sensitive coupling heat and mass transfer problems are covered, and the effect of using 

different experimental techniques to measure the Soret coefficient is discussed. The most reliable 

temperature measurement method to process the MZI images for coupled heat and mass transfer 

experiments also introduced based on a benchmark value of Soret coefficient (ST). 

Table 8: Optical properties of the THN-IBB-C12 (10:80:10 %wt) mixture measured at T= 298 K for case 2 

DSC case, Run12 [95] 
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MR 670 -4.812 -5.72 1.213 -7.57 

MN 935 -4.763 -5.38 1.240 -6.96 

 Experimental Apparatus and Procedure 4.3

The first series of the SODI experiments, IVIDIL, started in late 2009 to study the effects of 

temperature and vibration on thermodiffusion in two binary associating mixtures of water and 

isopropanol. The aim of the DSC facilities, started in 2010, was to study the Soret effect in 

hydrocarbon ternary mixtures. The physical and optical properties of the test mixtures at the 

mean temperature of 298.15 K are provided in Table 7 and Table 8 for the binary and the ternary 

experiments, respectively. It must be noted that this includes cases with no applied vibration. 

4.3.1 Experimental Procedure 

Each experimental case was performed in three stages: half an hour at 298.15 K (the mean 

temperature), several hours in the presence of a thermal gradient (thermodiffusion phase), and 

the diffusion phase in which the mixture was brought to a homogeneous state by removing the 

applied thermal gradient. Here, we focus on the experimental time from the first stage to the 

beginning of the second stage.  



57 

 

We monitored the refractive index variation inside the cell at different time ranges: at the 

beginning of the experiment where there is an absence of the thermal gradient and also during 

the thermal time (for binary associating mixtures tth < 770 s and for ternary non-associating 

mixtures tth < 330) of the experiment. In this study, two experimental cases were investigated in 

detail: case 1 (Run2R according to the timetable) and case 2 (Run12 in the DSC timetable), 

which possessed temperature gradients of 5 K and 10 K, respectively. Case 1 is a binary mixture 

of water 90%, and isopropanol 10% and case 2 is a ternary mixture of 80 % isobutylbenzene, 10 

% tetrahydronaphthalene, and 10 % dodecane by mass.  

 Results and Discussion 4.4

In this study, several parameters such as the temperature profile, the heat transfer rates near the 

cavity walls, and the maximum temperature difference in the cells were investigated. The role of 

the temperature controller is to provide a constant and stable temperature difference in order to 

measure the Soret coefficients of the mixture. The absolute value of the temperature difference 

affects the Soret coefficient calculation as shown below. This equation represents the analytical 

solution of the Soret separation in the binary mixtures at zero gravity, which is a purely 

thermodiffusion-driven process [120].  

In the above equation, τD is the diffusion time, which has been measured to be about 25 h for 

water/IPA mixtures and 6 h for hydrocarbon mixtures. As noted, the above equation can be used 

to calculate the Soret coefficient (ST) from the experimentally measured component separation. 

In fact, the left hand side of the equation, which is the maximum separation defined as the 

average change in the concentration of the species at the heated wall, was obtained 

experimentally, and the above equation was employed to find the best fit to the experimental data 

using the best values of ST and/or τD. Using this method, the Soret coefficient was calculated 

experimentally based on the temperature difference measured across the cell at the inner 

boundaries. Furthermore, due to the cropping process, the height of the area that was analyzed is 

slightly smaller than the real dimensions of the cell.  

      2
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Figure  4-2: Transient variation of mean temperature gradient normal to the boundaries of the 

case 1 (IVIDIL-Run2R). 

Thus, the temperature difference in the cropped area was evaluated and used in the calculations. 

The error between the temperature difference measured by the thermocouples and that reported 

by the Peltier elements directly affected the final values of Soret coefficient.  

For instance, for the case that the thermal sensors showed a 5.00 K temperature difference 

between the hot and cold sides, it was measured optically at 4.45 K due to the cropping of the 

images. We should keep in mind that the temperature contrast factor does not change more than 

one percent from the mean temperature of 293.15 K to 303.15 K [124] and that the maximum 

error in the contrast factor at the mean temperature of 298.15 K shows less than a 3 % variation 

for different mixtures [125,126]. However, there is a difference of more than 11 % between the 

recorded temperature using the thermal sensors and that obtained by optical methods. Because of 

the high accuracy of this optical method [125,126], we relied on the it over the sensors for the 
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temperature difference used  in the calculation of the Soret coefficient [27,112]. It must be noted 

that the effect of the materials in the cell itself on this measurement is negligible, since the 

temperature contrast factor of quartz is more than one order of magnitude smaller than the liquid 

contrast factors. 

As indicated in Figure  4-1, the temperature variation and the rate of temperature change along 

lines L1 to L6 were studied. In addition, the temperature field was measured inside the illustrated 

plane in Figure  4-1. Moreover, for case 1 (IVIDIL case) with the presence of the second optical 

side view of the cell, temperature variation inside the additional plane (parallel to yz-plane in 

Figure  4-1) was also monitored. Eventually, the maximum temperature difference between P1 

and P2 was also compared to the data measured by the thermocouples. 

4.4.1 Thermal Analysis of the IVIDIL Cell  

In this section, we discuss the thermal performance of the SODI cells during the 100 s before 

application of the temperature gradient (at a mean temperature of 298.15 K) and then during the 

first 150 s of the thermal time (770 s). For that purpose, we have obtained the thermal gradient of 

each point on the boundaries from the processed data. The derivative of the temperature variation 

along the normal direction of each wall of the cell was calculated using a forward finite 

difference scheme as shown in below: 

This equation gives the first derivative using four consecutive data points and has an 

approximate error on the order of Δx
4
 in which Δx is the length of each pixel. It must be noted 

that the first derivative using two or three consecutive data points has the higher errors on the 

order of Δx
2
 and Δx

3
. Consequently, we decided to calculate the first derivative using equation 4-

2. Due to the resolution of the experiment and cropping size (700 pixels were monitored along 

each direction representing 9.5 mm each of the height and the length of the cell) each pixel was 

about 12.9 μm in length. Figure  4-2 illustrates the average value of the thermal gradient versus 

time close to the walls of the cell for case 1 (assigned ΔT = 5 K). The temperature difference was 

applied to the system at t = 100 s.  
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(a) (b) (c) 

   

(d) (e) (f) 

 
  

(g) (h) (i) 

  

(j) (k) 

Figure  4-3: Refractive index of the front view of binary cell case 1 at (a to i) before applying 

temperature gradient 0<t<100 s, (j) at t=220 s and (k) after the thermal time (t=770 s) 
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(a) (b) (c) 

   

(d) (e) (f) 

   

(g) (h) (i) 

  

(j) (k) 

Figure  4-4: Refractive index of the side view of the binary cell case 1 at (a to i before applying 

temperature gradient 0<t<100 s, (j): at t=220 s and (k) after the thermal time (t=770 s) 
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After 2 minutes of application of the heat to the system, a steady temperature gradient of ~700 

K/m was achieved in the system. It must be noted that this steady value for both the hot and cold 

walls was more than the predicted value; according to the theoretical heat transfer (reaching the 

linear variation of the temperature between hot and cold sides at steady state) in the liquid, the 

predicted value should be around 500 K/m. The extreme values are evident at the first data point 

after applying thermal gradient (t = 122 s). After this point, the temperature gradient decreases to 

the steady state value at (t = 250 s). It is worth mentioning that controller overshoot is noticeable 

at t = 170 s. The average heat transfer close to the two lateral walls showed an approximately 

zero average flux along those walls, ~ 0
dT

q k
dx

  (dashed cross and solid star lines in 

Figure  4-2). These walls are meant to insulate the cell from lateral heat transfer. Although the 

value of average the temperature gradient was zero, it can be shown that there was a considerable 

leakage of heat through these walls. When the thermal gradient was taken for the half of the 

lateral walls close to either the heat or cold source, we found that not only was the heat transfer 

close to lateral walls not zero, but also that it had a value of ~ 200 K/m for each of the walls. It 

follows, then, that ideal insulation was not obtained around the cell, while the summation of the 

negative and the positive heat loses along lateral is zero. In fact, the heat was dissipated to the 

external environmental from the half of the lateral walls close to the hot wall (a positive thermal 

gradient value) and opposite to the direction of heat flux that was seen near to the cold side. 

Thus, the summation of the heat dissipation along each one of the lateral walls is zero. These 

heat losses at the boundaries may affect the thermodiffusion process close to the lateral walls, 

thus, this effect was considered during the processing of thermodiffusion experiments. 

We also observed strong fluctuations in the average temperature gradient on the walls during the 

initial isothermal stage (ΔT = 0). Since copper blocks are attached to two sides of the cell, it is 

reasonable to have stronger fluctuations close to the hot and cold sides. The thermal controller 

reduces the magnitude of these temperature fluctuations as time passes towards the steady state. 

As shown in Figure  4-2, these fluctuations occurred at t = 60 s. In addition, the strong fluctuation 

close to the hot and cold walls resulted in noticeable fluctuations close to the lateral walls at t = 

15, 35, and 65 s. 
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(a.1) t= 25 s (b.1) t= 65 s (c.1) t= 90 s 

   

(a.2) t= 25 s (b.2) t= 65 s (c.2) t= 90 s 

Figure  4-5: Temperature contours inside the cell during the initial isothermal stage  

One of the most important advantages of the MZI technique is to provide a transient view of the 

fluid field, which can be used for recalibration of the results or the measurement of experimental 

error in the system. Accordingly, even if there is a steady error in the measurement of 

temperature, it can be determined and removed from the final result. We analyzed the behavior 

of the measured refractive index variation in the field before application of the temperature 

gradient between cell sides. We expected to get close to zero average variation in the profile, as 

there was no source of heat to disturb the uniform distribution of refractive index in the system. 

In other words, the fluctuations in the profile during this period of time should represent the 

experimental errors in the system. However, in the next section we would like to prove that these 

fluctuations were not caused by the optical setup or by the post processing of the images. 
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Figure  4-3 and Figure  4-4, respectively, illustrate the refractive index contours obtained from the 

front and side views of the IVIDIL cell for case 1. Parts a to f in these figures show the refractive 

index field before application of the temperature gradient at six times, part j illustrates refractive 

index variation after 100 s of applying the temperature gradient, and part k shows this field at the 

end of the thermal time. While at first glance at ΔT = 0, the contours seem to show random 

variation due to experimental error, a detailed look shows that each of these contours represents 

the trends in the system and was not caused by random errors in the optical set up. For instance, 

the curves in parts e, f and g are caused by a strong refractive index variation between the walls 

in the cells caused by the heating of the Peltier elements. There is always a gradient of the 

refractive index changes along the lateral walls (x and y axis) caused by Peltier elements, but 

they are weaker signals in the rest of the contours. 

 In addition, comparing Figure  4-3 and Figure  4-4 shows that there were different 3D density 

fields inside the cell before applying the temperature gradient (particularly see Figure  4-3h and 

Figure  4-4b). This observation confirms our finding that these variations are not optical or post 

processing errors, due to the large magnitude in the variations. The refractive index variation 

before applying the temperature gradient (ΔT = 0 K) is comparable with the refractive index 

variation after applying the temperature gradient. This means that there was a non-negligible 

variation of in the refractive index at ΔT = 0 K. The thin gaps between the quartz cell and both 

the cold and hot walls of the cell cause a non-linearity of multiple contours that originates at the 

corners of the cavity [112].  

Particularly, the internal side of the O-rings at the small gap between the copper and quartz is 

filled by the working liquid. On the other hand, the external side of the gap is filled by the 

surrounding gas that provides a large amount of heat transfer [65,66,109]. Thus, the largest 

thermal gradients arise at the corners of the cell, due to the high heat conductivity of the rubber 

seal and nearby regions (see Figure  4-3j,k and Figure  4-4j,k). Because we found three different 

kinds of temperature distributions before application of the temperature gradient, we selected 

three images from this time range (t = 25 s, t = 65 s, and t = 90 s) that demonstrate these different 

conditions clearly. Figure  4-5a illustrates the first condition, which is a uniform relatively 

temperature (ideal case) in the system (~298.15 K).  
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t= 30 s 

 

t=65 s 

Figure  4-6: Temperature contours inside the cell during the initial isothermal stage for the case 

2 with the 1[cm]x1[cm]x0.5[cm] (x, y, and z) cell size 

In this state, there is no heat flux coming from the copper blocks to the system, which reflects the 

condition in which the experiments should be run. The second condition occurred when 

noticeable temperature gradients close to walls were observed. In this condition, the cell was 

being cooled from one side and heated from the other side of the cell by the Peltier Elements to 

keep the temperature at 298.15 K. In this condition, the maximum temperature difference close 

to walls was recorded (0.25 K). Here, we believe that the temperature controllers were 

overheating and/or overcooling the liquid using the Peltier elements. Because of this improper 

heating, the temperature of the system started deviating from the mean temperature until the 

changes could be detected by the thermal sensor. Thus, the temperature controller unit tries to 

return the liquid temperature to the mean temperature (298.15 K) by cooling or heating both 

sides. In this case (third condition), the maximum temperature deviation from the mean 

temperature in the domain can be seen at the center region of the cell and close to walls. This 
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case represents the maximum temperature deviation from the ideal case (about 0.48 K as can be 

seen in Figure  4-5c). 

4.4.2 Thermal Analysis of the DSC Cell  

The results of the current case show that the thermal unit performance of the DSC facilities has 

been considerably improved. Temperature fields inside the cell 2 show a uniform temperature 

distribution before application of the temperature gradient to the system (see Figure  4-6). 

Figure  4-6a shows the very small fluctuations of the temperature (< 0.02 K) inside cell 2 close to 

the walls, where the highest thermal deviations were expected; however, other images  from the 

same time frame illustrate a quite smooth temperature distribution without any strong fluctuation 

(see Figure  4-6b). This demonstrates a good performance of the thermal controller unit of the 

DSC. 

  

(a)Binay cell (b)Ternary cell 

Figure  4-7: Temperature variation between the hot and cold walls  

Temperature variations between the hot and cold walls at the center of the SODI cells at different 

times before the application of the temperature gradient are displayed in Figure  4-7. The 

temperature variation at the middle of cell 1 shows the existence of a large temperature gradient 

close to the walls; however, at the center of the cell (z = 2 to 8mm), the variation of the 

temperature is kept below 0.05 K. As mentioned earlier, the maximum variation from the mean 

temperature was observed at t = 30 s. Figure  4-7b shows the indicated temperature variation at 

the center of cell 2. The maximum fluctuation between both sides is less than 0.02 K, and the 

297.9 298 298.1 298.2 298.3 298.4
0

2

4

6

8

Temperature [K]

H
ei

g
h

t[
m

m
]

 

 
t=15 [s]

t=20 [s]

t=25 [s]

t=30 [s]

t=35 [s]

t=40 [s]

t=45 [s]

298.12 298.14 298.16 298.18

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Temperature [K]

H
ei

g
h

t[
m

m
]

 

 

t=100 [s]

t=200 [s]

t=300 [s]

t=400 [s]

t=500 [s]



67 

 

fluctuation varies nearly linearly between both walls at different times. The sensitivity of the 

optical temperature measurement can be seen here as very small noise (order of 10
-3

 K) along the 

plotted lines. 

  

 

(a) before applying temperature gradient (b) before applying temperature gradient 

  

(c) during thermal time t = 216 s (d) at the end of thermal time t =770 s 

Figure  4-8: Normal temperature gradient near boundaries of the case 1 with the 1[cm]x1[cm]x [cm] 

cell size  

By comparing the performance of cell 2 with that of cell 1, we can determine that the 

temperature variation in case 1 was not due to optical or post-processing errors. It was found that 

the height of the cell contributed to the non-uniformity in the temperature profile. It must be 

noted that the only difference between the thermal set up of the IVIDIL and DSC facilities is the 

cell size. Therefore, we can conclude that using a cell with a smaller height in the present case 

(case 2; DSC experiment) and the combination of the thermal sensor and controller unit was 

more accurate than the case 1 with a greater distance between the thermal sensors. The smaller 

deviation of temperature from the targeted value at the central region of cell 1 supports this 

hypothesis (see Figure  4-7a). In addition, we believe that keeping both sides of the cell at same 
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temperature is more sensitive task for the SODI thermal unit in comparison with keeping the 

specified thermal gradient between the cell walls for cell 1. 

 

(a) before applying temperature gradient 

  

(b) at the end of thermal time t =330 s 

Figure  4-9: Normal temperature gradient near boundaries of the case 2 with the 

1[cm]x1[cm]x0.5[cm] (x, y, and z) cell size 

As illustrated in Figure  4-1, the variations of the temperature close the lateral walls of the cell 

and along lines L2 and L3 are employed to study the heat transfer at the lateral walls. As shown in 

Figure  4-8a,b a noticeable, non-uniform temperature gradient existed prior to the heating of the 

cell. One can see a strong fluctuation the middle of the cavity and close to the lateral wall1 (the 

wall that is close to line L2) which may indicate a faulty insulation of the wall at that region (z = 

3 to 6 mm). At the other lateral wall (the wall2 that is close to line L3), however, there is zero 

heat transfer at the middle range (except for a small variation near the hot and cold walls). 

Figure  4-8c,d show the normal temperature gradient during the heating process. The heat 

dissipation at the middle region of the lateral wall1 was not easily observable after applying the 
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temperature gradient, because the magnitude of the temperature gradient was higher during 

heating process. Figure  4-8c and d illustrate the temperature gradient in the middle of the cell 

during the first thermal time at t = 216 s and right after the thermal time at t = 770 s. Noticeable 

heat dissipation at the lateral walls and close to the hot and cold walls were seen after application 

of the temperature gradient. When comparing the heat dissipation near the walls at two different 

times (t = 216 s and t = 770 s), we notice that there is an increase in the heat dissipation with 

time at the corners until it reaches steady state at the end of the first thermal time. Consequently, 

after application of the temperature gradient, the most important source of unwanted heat transfer 

was that at the corners of the cells. 

Figure  4-9 shows the average heat transfer along the laser path and close to the walls of cell 2 

(DSC) at t = 60 s (before heating the cell) and t = 330 s (during the heating process). Similar 

fluctuations in the average heat transfer along all walls can be observed during the non-heating 

time (See Figure  4-9a). Although smooth fluctuations in the normal temperature were observed 

for case 2, there was large heat dissipation close to the lateral walls. These observations are in 

contrast to the findings from the square cavity of cell 1. The magnitude of the heat dissipation at 

the lateral walls was about 2000 K/m. Thus, we believe that the linear heat dissipation from the 

hot to the cold walls of the cell 2 is indicative of poor thermal insulation in the system for this 

rectangular cavity as well. Having a higher assigned temperature difference between the heated 

walls in the case 2 (ΔT = 10 K), and utilizing a cell with a smaller height have contributed to the 

larger heat dissipation for cell 2 at the lateral walls. Both of these factors should assist in 

increasing the absolute value of ∂T/∂x to 2000 K/m (ΔT/Δx = 10 K / 5 mm = 2000 K/m). These 

optically determined factors demonstrate the need to determine and remove the influence of this 

improper heat transfer from the measurement of the Soret effect. Accordingly, it must be noted 

that the region close to the lateral walls with the improper heat transfer and temperature 

variations should be removed from the calculation of the Soret coefficient and post processing 

must be repeated with resized and cropped images. 

The difference between the lateral heat fluxes of the cells was elucidated by analyzing the 

unwrapped phase map when the temperature difference was applied, as shown in Figure  4-10. 

While parallel fringe patterns were detected inside cell 2 (except at the corners that the curvature 
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of the fringes exist), we observed fully bended fringes close to the lateral sides of cell 2. These 

bands should have been linear and parallel to the horizontal walls. 

 

(a) case1 (IVIDIL-Run2R at t = 700s) 

 

(b) case 2 (DSC-Run12 at t = 130s) 

Figure  4-10: Wrapped phase distribution inside the SODI cells at the end of the thermal time 

These curved bands can demonstrate the direction of the heat flux and reveal the pixels along the 

lateral walls where zero heat flux exists. Completely different patterns of heat transfer were 

observed at the bottom of the cavity close to the lateral walls, where the heat transfer moves from 

high to low from the quartz walls toward the middle of the cell. Moreover, these wrapped phases 

exhibit isolines of density that are directly affected by the temperature. As a result, the angles of 

these lines with respect to the wall surface indicate the strength of the heat flux. The zero-heat-

flux point (the only point along each lateral wall that shows a well-insulated condition) was close 

to the middle of the lateral walls where the isolines emerged perpendicular to the wall surface. It 
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must be mentioned that these gradients were not strong enough to affect the entire cell; therefore, 

their effect on the separation process in the central region of the cell was minimal. As shown in 

the DSC phase map (Figure  4-10b), if the center region of cell (x~2.5 to 7.5 mm) along the x-

direction (see Figure  4-1) for all images was cropped and analyzed, the influence of lateral heat 

transfer from the system can be avoided. In this region, a purely thermo diffusive process can 

occur that should be used to measure the Soret coefficients of binary or ternary mixtures.  

In order to assess the validity of these observations, we analyzed several more IVIDIL and DSC 

cases with a different assigned temperature difference (ΔT = 10 K). The DSC cases always 

showed less than 0.02 K deviation from zero before application of the temperature gradient and 

then similar small fluctuations after application of the temperature gradient (ΔT(t)- ΔTst < 0.02 

K). However for the cases of the IVIDIL cell (with a larger height), stronger fluctuations in the 

temperature gradient between the hot and cold sides were detected with different magnitudes 

when ΔT = 0. We observed that the maximum temperature deviation differs for the various cases 

from 0.05 K to 0.40 K. We also observed that although the IVIDIL temperature fluctuations were 

noticeable when the applied ΔT was zero, in the presence of an applied temperature difference 

the thermal unit performed accurately. During the thermodiffusion phase, the temperature 

fluctuation was small enough be neglected. This shows the accuracy of the thermal part of the 

SODI apparatus after applying temperature gradient. It must be noted that even in this case, a 

smaller value of the steady temperature difference between the heated walls was found. This 

deviation must be considered in the Soret calculation. 

The optical temperature measurement allows the sensitive performance of the controller unit 

before application of the temperature gradient; however, it also shows that the accuracy of the 

unit when ΔT > 0 is good. It must be noted that in all cases the steady temperature difference 

between walls were less than the value assigned by the thermal controller unit. For example, the 

optically measured temperature difference was 4.45 K for case 1 with the applied ΔT = 5 K, and 

for other cases with an applied ΔT = 10 K the measured temperature difference was between 

9.15 and 9.30 K (Considering the entire height of the cells). We observed similar effects for the 

DSC cases with an applied ΔT = 10 K. We believe that although the thermal conductivity of the 

copper blocks is high, the distance between the thermal sensors and the liquid surface causes the 

actual temperature difference sensed by the liquid at the inner sides of the cell to be less than the 
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applied values. Furthermore, while the thermal conductivity of the copper was analyzed 

numerically inside the cell array to apply the assigned ΔT [114], this behavior was not predicted. 

It is worthwhile to remark that the optically obtained temperature difference is for the cropped 

span. Nevertheless, distance that is lost due to cropping is small enough (~ 0.4 mm) that it should 

not cause this magnitude of observed temperature difference. 

Table 9: Summary of the thermal analysis results of the both IVIDIL and DSC cases  

C
ase

 

Cell 

size 

[cm
3
] 

Peltier 

ΔT [K] 

Optical  

ΔT [K] 

Average temperature gradient normal to the sides of the cell 

±5[K/m]  

ΔC 

[-]/10
-3

 

Hot 

wall 

Cold 

wall 

Lateral 

wall1 

Lateral 

wall2 

Half walls 

near hot  

Half of walls 

and cold  

1 1x1x1 0 0.30 98 131 51 11 41 10 63 15 0 

2 1x0.5x1 0 0.02 35 32 5 8 4 4 5 4 0 

1 1x1x1 5 4.23 687 643 18 29 101 89 94 87 3.17 

2 1x0.5x1 10 8.37 2246 2020 20 34 540 567 520 578 6.20 

The summary of the thermal results of the IVIDIL cell(case 1) and the DSC cell (case 2) 

performed on board the ISS are reported in Table 9, both before application of the  temperature 

gradient and at the end of the thermal time. At ΔT = 0, zero heat flux must be obtained from all 

walls; however, as a result of lateral heat transfer a non-zero mean value close to the walls was 

seen for cell 1.  

Heat leakage from the lateral walls, in general, was greater for cell 2 due to its smaller height 

(compared to cell 1). Interestingly, the average temperature gradient value close to one lateral 

wall of the IVIDIL cell was five times larger than the other lateral walls when the applied ΔT = 

0. This could be caused by weaker insulation performance of this wall. The maximum 

temperature difference between the walls was measured as about 11 percent less than the applied 

ΔT by the thermal controller unit. According to theory, in the presence of a thermal difference 

between walls, ∂T/∂y close to both the hot and cold walls should be 500 K/m for case 1 and 2000 

K/m for case 2.  The observed values, however, are higher than the theoretical values. The main 

reason behind this deviation from theory is the faulty insulation at the lateral walls, which has a 

more pronounced effect at the corners of the cell. All of these findings were obtained optically 

and not by the thermocouple sensors. It must be noted that the measured temperature difference 

is less than the applied value, but the average temperature is greater. This behavior is because of 

the high heat transfer at the corners of the cell that affected only the average value. The detailed 
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contour information that produced this interesting conclusion would not have been obtained only 

using the thermocouples. This shows the essential importance of using optical results to measure 

the temperature variation in the cell.  

The lateral heat flux close to the thinner cell was more pronounced than that of the thicker cell, 

as the absolute value of ∂T/∂x had the same order of magnitude (~1100 K/m) as ∂T/∂y close to 

the hot or cold walls (~2100 K/m) of cell 2. As the height of cell 2 is half that of cell 1, and the 

assigned ΔT is two times greater, the lateral heat fluxes in cell 2 were four times greater than 

those in cell 1. Owing to the capability of the MZI experiment, all of these parameters can be 

found and considered during the post processing, which is a valuable advantage of the optical 

measurement technique. 

While the thermal controller unit of SODI provided accurate performance during the 

thermodiffusion step of the IVIDIL and DSC experiments when ΔT > 0, it is essential to utilize 

optical methods to extract the accurate thermal results during the experiment, because they 

provide the valuable and detailed information of the thermal performance of the system. These 

results can be employed to adjust the processing method or recalibrate the system accordingly. 

Table 10: Comparison of the Soret coefficient calculated using ΔT measured optically and using thermal sensor 

and other references  

 Ref 

[114] 

Ref [109] Ref 

[75,85] 

Benchmark 

Value[75] 
Our work using ΔT 

of Peltier Elements 

Our work using ΔT of 

Optical Results 

ST /10
-3 

[K
-1

]
 

7.08 6.77±0.11 8.87 8.47±1.5 7.16±0.2 8.56±0.2 

Other studies have used the thermal sensors data to measure the Soret coefficient of a water/IPA 

mixture with the initial mass fraction of 10 % of IPA [66,109]. The ST values determined from 

those studies are reported in Table 10. However, the IVIDIL results using the thermal sensor 

elements underestimates the Soret coefficient compared to the results obtained when using the 

optical beam deflection of Koehler et al. [85] or the benchmark value of ST for this mixture [75]. 

The measured ST from the optical temperature results provides a better match with the 

benchmark value and optical beam deflection results with less than 3 % deviation. This shows 

the accuracy and necessity of using and considering the optically measured temperature in the 

post processing of MZI experimental images. This method can be used to improve the boundary 

conditions of numerical simulations by imposing a realistic heat loss on the lateral walls, rather 

than assuming a perfectly insulated boundary.  
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 Conclusions 4.5

We observed that the sensitivity of the temperature measurement using MZI for the SODI 

facilities is on the order of 10
-3

 K according to the current image processing techniques. This 

means that stronger fluctuations in the temperature in the profile were not caused by optical or 

post processing errors. Despite the relatively weaker performance of the IVIDIL thermal 

controller unit at ΔT = 0, temperature fields inside cell 2 showed a uniform temperature field 

before the application of the temperature gradient consisting of temperature variations of less 

than 0.02 K. The optical temperature measurement proved the sensitivity of the controller unit 

before applying the temperature gradient; however, it also showed the accuracy of unit when ΔT 

> 0. When the applied ΔT = 0, the temperature variation at the middle of cell 1 causes a high 

temperature gradient close to the walls; however, at the central region of the cell, the variation of 

the temperature was less than 0.05 K. For cell 2 (in the DSC experiment), the combination of the 

thermal sensor and controller unit was more accurate than in case 1 for the measurement with the 

larger distance between the thermal sensors. The heat flux close to the lateral walls of cell 2 was 

stronger than that in case 1, because not only the insulation was not sufficient, but also a linear 

variation of heat fluxes from the cold wall to the hot wall was seen. Based on the capability of 

the MZI thermodiffusion experiment, temperature deviations from the ideal case can be 

measured and its effects may be removed during the post processing of the Soret experiment 

results. This advantage cannot easily be gained using other experimental methods. Thus, the MZI 

technique can provide an accurate transient view of the field that can be used to adjust the post-

processing procedure in a way to measure a precise value for the maximum temperature 

difference and the Soret coefficient. 

In all cases, the steady temperature difference between the hot and cold sides, measured 

optically, differed between 6 % and 11 % from the value reported by the thermal controller unit. 

Moreover, it was demonstrated that the fringe pattern close to the lateral walls of cell 2 should be 

cropped before processing the results. The measured ST using the optical temperature results 

provides a better agreement with the benchmark value and the previously known optical beam 

deflection results within a 3 % deviation; however, using the thermal sensor temperature 

difference provided about a 10 % deviation from the benchmark value. The results of this study 



75 

 

can also be used for numerical models of thermodiffusion experiments in which the boundary 

condition can be accurately simulated. Furthermore, we showed that it is not an accurate 

assumption to consider zero heat flux on the lateral walls of either of the cells.  
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5 Chapter 5: Heat and Mass Transport Phenomena under 

the Influence of Vibration Using a New Aided Image 

Processing Approach 

 Introduction 5.1

Microgravity suggests conditions that remove convection that reduces the separation of 

components in a mixture. Thus, the IVIDI experiment was proposed to study the impact of force 

vibrations on the mass transfer in the system due to Soret effect. The numerical analysis of 

Srinivasan et al. [62] showed that forcing the type of vibrations seen on the ISS had a significant 

effect on the Soret phenomena. They observed the existence of a single convective flow cell. 

They claimed that such a convection cell, can remove the influence of Soret separation [62]. It 

must be noted that the level of g-jitter vibration that applied during each individual experiment 

was the most important parameter of that experiment. For example, when the ISS micro-

vibration condition was normal (VibRMS < 10
-5

), pure thermodiffusion occurred and as a result an 

accurate ST close to the benchmark value was found. The g-jitter vibrations during all runs were 

considered in this study, and, excluding a few short periods (less than 10 s), the ISS provided a 

suitable condition for thermodiffusion experiments. It is worth noting that Gershuni and 

Zhukhovitskii performed a series of studies on the hydrodynamics and stability of fluid flow 

subjected to an oscillatory gravity field [44,127–130]. 

 Chapter Aims 5.2

In this chapter, the influences of a wide range of Rayleigh vibrations on the measurement of 

thermodiffusion in a microgravity environment subjected to a constant temperature difference 

between two walls of cubic cavity are presented for the first time in detail. Particularly, the 

effects of different parameters of vibrational forces, such as frequency and amplitude, on 

thermodiffusion experiments are studied. The impact on the separation of the components of the 

mixture due to the change in the forced vibration from low to high Rayleigh vibration are 

investigated. Nine different runs of a water and isopropanol mixture with a negative Soret 

coefficient and the same temperature difference were chosen as test cases in this study. In this 
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work, the collected data are analyzed by the use of fast Fourier transform (FFT) image 

processing. A curve-fitting method based on a genetic algorithm, which is aided by a fast robust 

version of discretized smoothing, is then used to calculate the Soret coefficient. Results show 

maximum separation and Soret coefficient for the case with minimum Rayleigh number; 

however, a linear relation between the Rayleigh vibration and the maximum separation was not 

detected. 

 

Figure  5-1: IVIDIL cell array and cell conditions [131] 

The experimental mixture selected was water (90% wt) and isopropanol (C3H7OH) subjected to a 

temperature gradient normal to the vibrational force. Figure  5-1 shows the directions of the 

temperature difference and of the control vibration applied to the cell array. Accordingly, the 

maximum concentration difference in the cell caused by Soret effect would be obtained from this 

process. Then the Soret coefficient is measured first by assuming the system has reached steady 

state and then using a genetic algorithm (GA) and curve-fitting procedure.  
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 Experimental Setup 5.3

SODI (Selectable Optical Diagnostics Instrument) was developed as a multi-purpose facility to 

perform various experiments such as IVIDIL, Diffusion Coefficients in Mixtures (DCMIX), and 

DSC. The first series of SODI experiments was IVIDIL and started on the 5
th

 of October 2009. 

Each run lasted 18 hours and was controlled via telescience. Each experimental run was 

conducted in two steps, one of 12 hours in the presence of a thermal gradient (thermodiffusion 

phase) and one of 6 hours at the mean temperature (diffusion phase). The forced vibrations with 

different amplitudes and frequencies were applied during these 18 hours. The level of on board 

g-jitter was recorded by SAMS (Space Acceleration Measurement System).  

 

Figure  5-2: Thermodiffusion experimental setup [132] 

Figure  5-2 shows the implemented version of the interferometer in combination with equipment 

for digitally recording the phase information and the experimental cell array that is installed 

inside of the glove box. The cell configuration was chosen according to optimization analysis of 

various aspect ratios of Soret cells [114]. Because of the vibrations and temperature gradient 

across the cell, the thermogravitational flow patterns in the liquid appear.  
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These vibrational flows are characterized by the vibrational analogue of the Rayleigh number 

(Rayleigh vibration or Gershuni number) [127].  

where ω=2πf represents the angular frequency, A denotes the amplitude of the vibrations, L 

measures the characteristic size of the vibration,  ΔT is the applied temperature gradient, ν is the 

kinematic viscosity,  βT is the thermal expansion coefficient, and χ is the thermal 

diffusivity[127]. 

 Experimental Sequences 5.4

The cavity was filled with a water and isopropanol (IPA) binary mixture with an identical 

composition for all cases, which provides a negative Soret coefficient. The first step was to 

initialize mixture characteristics by reaching a uniform concentration and temperature inside the 

cavity. For the first installation, to detach tracers that were stuck to the cell walls and ensure a 

homogeneous mixture, the cell array was shaken. After that, the cell and interferometer were 

stabilized at the desired mean temperature; this process lasts approximately 4 to 6 hours. After 

the mean temperature was established at 25 °C, a thermal gradient was applied across the cell.  

A relaxation factor dictates the time required for the diffusion processes, such as the thermal time 

at the beginning of the set up. The thermodiffusion phase lasted 12 h during the IVIDIL 

experiments for the water/IPA mixtures, thus the diffusion time was assumed to be about 12 h 

for this experiment, which is smaller than the mentioned relation.  

This is the time after which the separation of species is expected to become stabilized in the 

mixture. On the other hand, it is clear that 12 h is not enough to reach steady state for separation 

of this mixture, considering there was a noticeable amount of separation during the last hours of 

experiment on board the ISS, as well as the maximum separation for Run Ext1 which did not 

occur until after 22 h of the experiment had passed (c.f Figure  5-3). 
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Figure  5-3: Separation versus time during entire thermodiffusion and diffusion phases of 

RunExt1 

Consequently, in this study, a GA with fast robust discretized smoothing was implemented to 

find the best match curve with the experimental separation. GA results accurately estimate the 

Soret and diffusion coefficients simultaneously with a particular objective function. 

 

Figure  5-4: Sketch of two leaser paths inside the IVIDIL cell array 

In this chapter, nine experimental runs (Run5 to Run12, inclusive, and RunExt1) according to 

Table 11 are investigated in detail. These experimental runs have similar ΔT = 10 K, but vary 
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from a low Rayleigh vibration of 1.3, which corresponds to Run12, to a high Rayleigh vibration 

value of 1392.1, which was in to Run11. 

Table 11: Physical properties of the water-IPA mixture measured at T= 298K [65,109,132] 
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10% 1.415 3.334 1.437 9.809 1.3427 -9.2305 -8.47±1.5 7.11±0.3 -6.01±0.2 

All of the above-mentioned procedures were used to estimate ST; however, in this work forced 

vibration disturbed the pure diffusion pattern in the cavity. Moreover, ST is one of the properties 

that should be measured in the convection less regime. In the bounds of this study, the 

measurements of the Soret coefficients are used to compare the strength of separation and the 

influence of the vibration during each run. In other words, this parameter is only used to have a 

precise comparison between runs that show similar characteristics during the experiment. 

 Results and Discussion 5.5

In this study, several parameters such as temperature and concentration fields in the cavity were 

studied. Digital optical interferometry provided a view over the entire cell and therefore allowed 

identification of the convection-free zones, temperature distribution, and concentration 

distribution in the cell at any location. In this study, ΔT was kept at constant value of 10 K for all 

nine runs. Conversely, the frequency and amplitude of the applied vibration vary between each 

run. The main objective is to not only investigate any possible effect of vibration on the 

measurement of the Soret coefficient, but also to evaluate the sensitivity of the measurements to 

those effects. Thus, the behavior of a water-isopropanol mixture was studied under various 

Rayleigh vibration levels. The results were then compared with the analytical curve generated in 

the convection-free regime without any force or g-jitter vibration using benchmark values of the 

diffusion coefficients. 

5.5.1 Thermal Time and Temperature Profile 

A linear variation of the temperature is reached in the cavity at the end of thermal time. 

According to the given relation for thermal time stated in section 3, this parameter for a 

water/IPA mixture is close to 770 s. Consequently, changes in the refractive index in this phase 
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occur due to temperature changes in the cell. Liquid properties and contrast factors at the mean 

temperature of 298 K, which can be found in Table 12, are used to determine the temperature 

field in the cell at each pixel of image, with error less than 0.1 K. 

Table 12: The IVIDIL experimental runs with 10K temperature gradient  onboard ISS 

Run# C0-IPA F[Hz] A[mm] Ravib 

Run 5 10% 2.0 44 801.4 

Run 6 10% 2.8 25 507.1 

Run 7 10% 2.0 33 450.8 

Run 8 10% 1.0 70 507.1 

Run 9 10% 0.5 70 126.8 

Run 10 10% 0.2 70 20.3 

Run 11 10% 2.0 58 1392.5 

Run 12 10% 0.05 70 1.3 

Run Ext1 10% 1.0 70 507.1 

 

The separation of components began as soon as the thermal gradient was applied, and because 

separation is a slow process, neglecting a few minutes may not cause a noticeable influence. 

Figure  5-5 shows the maximum temperature difference from 100 s before application of the 

temperature gradient until the end of thermal time. The transient temperature phase is 

approximately finished after three minutes of applying the thermal gradient. Subsequently, the 

temperature behaves similar to the period that a linear temperature variation is established 

between the two walls, which occurs after thermal time. 

When measuring the temperature field in the cavity experimentally, some interesting points were 

noticed. First of all, the maximum and minimum temperature variations between the two hot and 

cold walls were 8.65 K and 7.85 K in Run10 and Run11, respectively. This variation shows that 

a considerable change in the temperature variation among different runs that may affect the 

maximum separation. The reason is the direct effect of the temperature difference on the 

separation of the components. Second fact that may be extracted from Figure  5-5 is the 

maximum temperature difference value. It is supposed to be 10K for this set of experiments; 

whereas, less than 9Kof temperature difference is detected for all runs. Consequently, substantial 

deviation of ideal thermodiffusion can be resulted by considering separations at the end of these 

runs due to 10K temperature difference. Therefore, this fact shows the importance of measuring 

temperature in the cavity experimentally.  
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The variation of temperature during first 100 s of experiment is less than 0.1K for all runs that 

corresponds to isothermal condition. This small deviation of temperature shows a reliable 

operating condition of IVIDIL runs, which was caused by the thermal unit. The negative sign of 

the temperature difference in Figure 5-5 means the assigned hot wall was cooling the cell at that 

time. More studies are required to define an accurate thermal time for diffusion experiments. The 

reason is that even a small separation during this period may have small effects. 

 

Figure  5-5: Temperature difference between hot and cold sides during thermal time  

In Figure  5-6, the temperature variations along the height (thermal gradient direction) and at the 

middle of the cavity that correspond to different times during thermal time period are shown. The 

data for Run11 and Run12, which have the highest and the lowest Rayleigh vibration number, 

respectively. Although after the thermal time there is a noticeable curvature in the variation of 

temperature due to a single convection cell in the cavity, it is approximately linear after the 

thermal time for both runs. These trends show that a high Rayleigh vibration numbers, 1392 for 

example, does not cause a noticeable deviation from a case with a low Rayleigh vibration 

number, such as 1.3. Finally, after a short period of time, less than 2 minutes, and the 

temperature distribution is identical to the distribution at the end of thermal time. Figure  5-7 and 

Figure  5-8 illustrate the temperature field inside the IVIDIL cell during Run11 and Run12 at 

different times. Clearly, similar contours for both cases result from different times. In addition, 

an approximate linear variation in the temperature between the cold and hot sides was also seen. 
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(a) (b) 

Figure  5-6: Temperature variation between hot and cold walls of a) Run12 and b) Run11 

The thin gaps between the quartz glass and both the cold and hot walls of the cell set up cause a 

non–linearity of various contours originating at the corners of the cavity. Particularly, in the 

internal side of the O-rings, the small gap between copper and quartz is filled by the working 

liquid. On the other hand, the external side of the gap is filled by the surrounding gas that 

provides too large heat transfer [66,109,131]. 

   

 

t=0[s] t=27[s] t=47[s] t=783[s]  

Figure  5-7: Temperature distribution in the cavity at different time during thermal time, Run12 

Consequently, the largest thermal gradient arose at the corner of the cell due to the improper heat 

conductivity of the rubber seal and nearby regions (see Figure  5-7 and Figure  5-8).  
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5.5.2 Diffusion Time and Concentration Profile 

Figure  5-9 shows the concentration distribution of the test mixture versus time for all cases. 

Following from Figure  5-10, the concentration differences for all runs increased in a similar 

trend when the temperature stabilized. 

   

 

t=0[s] t=27[s] t=47[s] t=783[s]  

Figure  5-8: Temperature distribution in the cavity at different time during thermal time, Run11 

 

Figure  5-9:Separation between hot and cold sides during thermo-diffusion time  
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The highest concentration difference or the Soret separation, corresponds to Run 12, which had 

the lowest vibration. Consistently, Run11, which had the highest vibration level, displayed the 

minimum Soret separation. A smooth pattern of separation versus time was recorded for all runs, 

and it corresponds well to the analytical solution in the convection-free regime. Nearly identical 

separations were observed for RunExt1 and Run8, which have distinct experimental conditions 

such as vibration characteristics and temperature gradients (The only difference is a longer 

period of thermodiffusion phase for RunExt1 that last 22 h). This demonstrates the repeatability 

and accuracy of digital optical interferometry to calculate diffusion coefficients and to capture 

the smooth and precise trends of separation versus time. Generally, as the vibrational Rayleigh 

number increases the separation decreases. In other words, disturbances created due to higher 

Rayleigh vibrations caused less separation in the mixture than was observed for runs with lower 

Rayleigh vibrations. 

Table 13: The IVIDIL experimental results with 10K temperature gradient  onboard ISS 

 

RUN#  

oc

IPA
 

f

[Hz]  

A

[mm]

 

vibRa

 

vib,expRa

 

max

3

ΔC

/10

 

maxΔT

[K]
 

ST,GA 

/ 10
-3 

[K
-1

]
 

10

2 1

/10

m s

D 

  
 

ST,st 

/ 10
-3 

[K
-1

]
 

Ideal 10% --- --- 0 0 6.02±0.2 8.30±0.1 -8.47±1.5 7.11±0.3 --- 

Run 12 10% 0.05 70 1.3 0.9 5.87±0.2 8.21±0.1 -8.30±0.3 6.71±0.3 7.8 

Run 10 10% 0.2 70 20.3 12.5 5.23±0.2 7.85±0.1 -7.28±0.3 7.38±0.3 7.2 

Run 9 10% 0.5 70 126.8 89.4 5.23±0.2 8.40±0.1 -6.73±0.3 7.03±0.3 6.5 

Run 7 10% 2.0 33 450 319.6 4.81±0.2 8.42±0.1 -6.42±0.3 7.26±0.3 6.3 

Run 8 10% 1.0 70 507 378.5 5.53±0.2 8.46±0.1 -7.63±0.3 5.64±0.3 7.2 

RunEx1 10% 1.0 70 507 376.8 5.53±0.2 8.62±0.1 -7.64±0.3 5.22±0.3 6.2 

Run 6 10% 2.8 25 507 356.9 4.88±0.2 8.39±0.1 -6.55±0.3 6.82±0.3 6.3 

Run 5 10% 2.0 44 801 584.4 4.92±0.2 8.54±0.1 -6.59±0.3 5.87±0.3 6.4 

Run 11 10% 2.0 58 1392 1041.9 2.48±0.2 8.65±0.1 -3.44±0.3 5.89±0.3 3.1 

In order to compare the effect of Rayleigh vibrations, the concentration variations along the 

thermal gradient at the middle of the cavity during the diffusion period of the four runs were 

plotted in Figure  5-10. 

Despite the small curvature that deviates from linear in Run12 after 12 h, (see Figure  5-10d), in 

general across all runs the linearity demonstrates that the ISS provides a suitable environment for 

this experiment. It must be added that in order to obtain a linear variation, the experiment needed 

more time than was given for separation phase in the condition of zero gravity when g-jitter 

vibrations are minimized during the experiment.  
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(a) Run12 (b) Run5 

  

(c) Run8 (d) Run11 

Figure  5-10: IPA concentration variation between hot and cold walls at various times 

Approximate linear variations at the end of the diffusion time predict a smooth environment that 

behaves like a pure diffusion process. It is clear in all parts of Figure  5-10 that separation starts 

near both the cold and hot walls, while over time the separation also occurs far from the 
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boundaries. When the Rayleigh vibration increases from 1.3 to 507 or 801, the separation 

curvature increases (see Figure  5-10b, c) up to Run11 where it reaches the maximum curvature 

(see Figure  5-10d).  

Another important observation is the large amount of separation (about 30 percent of the final 

separation) during the first 30 min of the thermal phase for most of the runs, with Run11 being 

an exception due to its high level of vibration. This behavior shows the importance of 

considering a precise estimate of the thermal time. In other words, an unsuitable value for 

thermal time may cause a large error in the measurement of the separation of components. As 

illustrated in Figure  5-10d, the separation trend of Run11 along the thermal gradient was 

different than the other cases. This difference suggests the existence of more than one strong 

convection cell in the cavity. These convection cells mix the liquid mixture inside the cavity and, 

as a result, homogeneous concentration regions can be observed along the cavity height. Thus, it 

must be concluded that while high Rayleigh vibration may not cause a deviation from linear 

temperature variation from the zero gravity condition, this vibration can overpower a pure 

separation pattern in the cavity.  

 

 

t=10[min] t=30[min] t=1[hr] t=12[hr]  

Figure  5-11: IPA concentration profile in the cavity at different time during diffusion time, 

Run12 

Figure  5-11 and Figure  5-12 show the concentration contours inside the IVIDIL cell during 

Run12 at various times and at the end of the thermodiffusion phases of Run8, RunExt1, Run9, 

and Run11, respectively. Studying the remarkable effects of vibration is impossible if only 

considering the concentration variation along just one line at the middle of the cavity. Therefore, 

different contour cross-sections are required for studying the various cases. Though the 
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separation originates close to both the hot and cold walls, it is interesting to note that the 

separation starts from two lateral walls as well. These walls are supposed to provide an adiabatic 

condition. This phenomenon can be seen during the first 30 min of the diffusion time (see 

Figure  5-11a). This occurred as a result of heat flux that existed close to the corners of the cavity 

due to a poorly designed isolation setup. While the separation in the domain becomes more 

pronounced after about one hour, it diminishes and then the concentration distribution follows 

the same pattern as the temperature contours. As mentioned in before, the temperature contours 

show a steep temperature gradient close to the corners of the cavity because of small gaps at the 

corners. Thus, these temperature variations affect the concentration pattern in the cavity mainly 

at the corners at the end of the thermodiffusion phase. 

 
  

(a) Run12 (b) Run9 (c) Run8 

   

(d) Run Ext1 (e) Run5 (f) Run11 

Figure  5-12: IPA concentration profile in the cell for various runs at the 

end of thermodiffusion phase 

It can be seen in Figure  5-12a that the similar temperature and concentration patterns between 

the hot and cold walls can be observed clearly in the domain for runs with low Rayleigh numbers 

 

 

0.098

0.099

0.1

0.101

0.102

 

 

0.098

0.099

0.1

0.101

0.102

 

 

0.098

0.099

0.1

0.101

0.102

 

 

0.098

0.099

0.1

0.101

0.102



90 

 

(Run12, Run10 and Run9), which show higher separation at the middle of the cavity. Other cases 

that have higher levels of vibration, the vertical line with the maximum separation migrates 

towards the sides of the cavity, which means that close to the corners of the cell higher 

concentrations of components exist. The strong induced velocity field that was caused by at least 

one strong convection cell in the cavity mixed the liquid, at high Revib. This convection had its 

maximum effect on Run11, in which diffusion patterns were destroyed by more than one strong 

convection cell. These influences are compared versus various levels of controlled vibration in 

Figure  5-12.  

 

Figure  5-13: Analytical solution and maximum experimental separation during thermo-diffusion 

time, Runs11 and 12 

5.5.2.1 Soret Coefficient, ST 

In contrast with cases without force vibrations, there are few analyses done in cases in which 

vibration is applied to the system. Nonetheless, Soret separations for cases with different 

Rayleigh vibrations were compared together with benchmark values of separation in this study. 

As described in Table 13, when the Rayleigh vibration number increases, the Soret seprations 
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drops. Detailed discussion about the effects of different controlled vibrations requires having 

firm parameters for all cases that consider the influence of different temperature gradients and 

initial conditions. Otherwise, it would be hard to explain some of the exceptions that were 

recorded and correspond to the final separation after 12 h. These behaviors are in contrast with 

the principle that shows the separation process decreases by increasing the level of controlled 

vibration as shown in Table 13.  

`  

Figure  5-14: Soret coefficient versus Rayleigh number for all nine runs, the bigger symbols 

shows the results obtained by the thermocouple; while, the result of optical measurement 

illustrated by smaller symbols 

There are few exceptions for this general behavior that need more discussion. For instance, two 

runs with different Rayleigh numbers that have similar separation. Run9, which was subjected to 

vibration of a Rayleigh number equal to 126, had the same value of separation as Run10, which 

had vibration with a Rayleigh number of 20. The reason for this similarity, as summarized in 

Figure  5-5 and Table 13, depends on where the maximum temperature differences for these two 

runs occur. Run9, with higher Rayleigh number, had a larger temperature gradient causing more 

separation in the cavity. It is clear that a larger temperature gradient leads to greater separation at 

the end of the process, while it is difficult to explain the difference between the recorded 

maximum temperature gradient for each run. Consequently, considering only the maximum 

value of the separation after 12 h as the main parameter to evaluate the strength of separation 

between two runs is not sufficient. In the condition of zero gravity, comparing Soret coefficients 

is a precise parameter to show the strength of separation for runs with different characteristics. 

Thus the Soret coefficients, which are estimated for different runs, were used to compare with 

the theoretical value of the Soret coefficient for these mixtures, as shown in Table 11. 
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According to the estimated Soret coefficients for Runs9 and Run10, which are presented in Table 

13, a higher value of this coefficient for Run10 is strong evidence of higher level of separation in 

this run and a lower level of vibrational Rayleigh number compared to Run9. An exception to the 

negative effect of vibration on the diffusion process was seen in the experiments for Run8 and 

RunExt1, which manifest in a nonlinearity, as shown in Figure  5-14. As shown, despite the 

negative slope, which represents the negative effect of vibration on the separation, the data points 

of these two runs show a noticeably higher value of separation in comparison with other nearby 

data points. Another observation from this figure is the potential for employing the experimental 

temperature in calculating the Rayleigh vibration number. In Figure  5-14, dashed lines represent 

the nominal Rayleigh vibration number based on a 10 K temperature difference. 

According to Gershuni theory, when the Ravib is less than 10 the system is governed by pure 

diffusion. This behaviour can be seen for Run12 where Ravib = 1.3.  As shown in Figure  5-13, the 

analytical solution using the benchmark value of ST for this mixture reveals a maximum 

variation of less than 5% between Run12 and the benchmark value. The analytical results of 

separation were found through a numerical approach for runs with forced vibration. Further 

numerical simulations and analyses of the effect of forced vibration can found in literature 

[63,64,112]. According to these numerical simulations, it was found that the magnitude of the 

induced velocity in such a cell is around 5 to 10 μm/s, which corresponds to various g-jitter 

conditions. When Ravib is greater than 10, for instance Run10 with Ravib = 20, a sudden 

decrement was evident in the curve of the maximum separation versus Ravib, as shown in 

Figure  5-14. After this jump and as Ravib increases, the maximum separation decreases with a 

low slope until the second jump close to Ravib = 1×10
3
. These behaviours are in complete 

agreement with Gershuni theory in various vibrational regimes. As shown, the effect of vibration 

was negligible up to Run10 (Gs ~ 20) in which 95 % of the separation of zero-gravity condition 

was achieved. Further increase in Gershuni number affected the diffusion process as induced 

convection dominated the diffusion process. However, it was found that when the Gershuni 

number is below 10, the process is completely governed by diffusion. Further increase of the 

Gershuni number triggers mixing effects [128,129]. Figure  5-13 represents the theoretical 

separation of the mixture versus the experimental separations measured for Run12 and Run11, 

which have the minimum and maximum Rayleigh numbers, respectively. As explained earlier, 
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GA was used to calculate the Soret and diffusion coefficients for all runs. It was found that these 

curves coincide with their experimental data points, especially for Run12, which has a similar 

pattern to pure diffusion because of its low Rayleigh vibration number. These matched curves 

demonstrate the good performance of this method to estimate diffusion coefficients. It must be 

noted again that Run12, with very small vibrational Rayleigh number, behaves close to theory. In 

addition, the estimated Soret coefficient for this run is three percent less than its benchmark 

value, which indicates only a small influence on the separation at this low Raleigh vibration 

number and follows the vibration instability theories in the literature [128,129].  

It can be concluded from these two close values of the experimental and theoretical Soret 

coefficients that the results of the IVIDIL experiments are reliable and precise. As an exception, 

the separation for Run11 is more than 59 % off from the analytical separation. This deviation is 

likely due to a destruction of the diffusion pattern by induced convection due to the high level of 

forced vibration. This methodology of estimating Soret coefficient was used for other runs and 

the results can be found in Table 3. It must be noted that the pattern of separations of Run5, 

Run6, and Run7 were close to each other. This similarity may have occurred because of the close 

vibration level ranges of these runs. While it was observed that Run5 had a higher separation 

than that of Run6 and Run7, which was expected as its vibration was highest of the three, this 

phenomenon requires more investigation as it may also have occurred as a result of an existing 

high level of g-jitter vibration on board the ISS during Run6 and Run7. In all cases with 

Rayleigh vibrational numbers more than 126, the concentration contours strongly deviate from a 

pure diffusion pattern because of high Rayleigh vibrations.  

 Conclusion 5.6

The goal of this research was achieved by determining the impacts of various selected forced 

vibration levels and fixed temperature gradients on the measurement of thermodiffusion. For this 

purpose, nine different runs of water and isopropanol with a negative Soret coefficient and 

consistent temperature differential were tested in a microgravity condition. Mathematical 

analyses by means of fast Fourier transform image processing and an advanced curve-fitting 

method using GA were employed to obtain the most accurate results. 
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The results were compared with the analytical trends in the convection-free regime without any 

forced or g-jitter vibration using benchmark values of diffusion coefficients. Results revealed 

maximum separation for the case with the minimum Rayleigh number; however, a linear 

relationship between vibrational Rayleigh number and maximum separation was not found. The 

findings of this research can be summarized as follows: First, measurement of the temperature 

difference experimentally had a direct effect on the final results. This is seen by the considerable 

change of the temperature variation among different runs. In addition, substantial deviation of 

the thermodiffusion coefficient shows the importance of measuring temperature in the cavity 

experimentally. It was found that 12 hours is not enough to reach steady state for the separation 

of components in this particular mixture, as shown by the large amount of separation during the 

last hours of the experiments on board the ISS. 

Second, as the Rayleigh vibration number increases, the separation decreases in most of the 

cases. The significance of considering the precise thermal time as a result of the high ratio of 

separation was discussed. Third, the Soret coefficient was found to decrease as the Rayleigh 

vibration number increases. It is worth noting that considering only the maximum value of the 

separation after 12 hours as a main parameter to evaluate the strength of separation between two 

runs is not sufficient when dealing with the small differences in temperature variations of the 

various runs in these experiments. In short, the ISS provides a suitable environment for this 

experiment, and the results of the IVIDIL experiments are reliable and can be used as reference 

material for ground based experiments.   
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6 Chapter 6: Experimental Study of the Impacts of Forced 

Vibration on Thermodiffusion Phenomenon 

 Introduction 6.1

Different sources such as experiment operation, aerodynamic drag, gravity gradient, life-support 

systems, equipment operation, crew activities, and rotational effects create microgravity 

vibration on board vehicles in microgravity environments [64,111,133]. This microgravity 

vibration is one of the most important factors that can affect thermodiffusion experiments on 

board the ISS. It has been argued that controlled vibrations or g-jitter vibrations in a reduced 

gravity condition can reduce the separation of components in a mixture [7,32,134,135]. For this 

reason, the IVIDIL experiment investigated the influences of the force oscillatory vibrations on 

thermodiffusion phenomenon.  

The uncertainties of the IVIDIL experiments have been discussed in different investigations. For 

instance, the effects of this vibration, which are recorded on board the ISS were studied in detail 

by Ahadi et al. [63,64] and Shevtsova et al [65,66] and it was found that at the specifics 

microgravity perturbations that are higher  than critical value, the results of the experiment 

would be affected and would be deviated from the theoretical predicted results. 

 Chapter Aims 6.2

In the present chapter, the effect of forced vibration on the separation pattern using the 

experimental data of the IVIDIL project is investigated. Here, the eight experimental runs with a 

similar temperature difference and a mean temperature of 298 K were compared to determine the 

effects of vibration on the separation of the liquid mixtures. The experimental mixture was water 

(90 % wt.) and isopropanol (C3H7OH). 

Data were received in the form of binary data. The received images must be processed and 

analyzed by different image processing techniques to extract the phase map. Next section briefly 

presents the experimental setup and the experimental procedure. The results and discussion are 

presented in the last section followed by the conclusions and remarks. In this chapter, the effects 
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on a thermodiffusion experiment of increasing the Gershuni number (Gs) from zero to Gs ~ 3 x 

10
3
 with a constant temperature gradient of 15 K were studied for the first time. While many 

investigations have been done studying thermodiffusion phenomena in a micro-gravity 

condition, and preliminary Discussion on IVIDIL objectives have been proposed, only a few 

works can be found in the literature that address the result of this project. However, results 

indicate a maximum separation and Soret coefficient for the case with a minimum Gershuni 

number, and different concentration profiles and separation patterns were observed. Remarkably, 

when Gs = 1.5 x 10
3
,
 
the maximum separation may not occur at the end of diffusion time. 

Here, nine experimental runs were considered and analyzed in detail, summarized. These 

experimental runs were performed under identical temperature gradients (ΔT = 15 K), but 

different Gershuni numbers, from the lowest of 678 which corresponds to Run17, to the highest 

value of 3465 in Run15. 

 Results and Discussion 6.3

6.3.1 Thermal Time and Temperature Profile 

Numerically, it has been shown that the low frequency vibrations produce a stronger impact on 

the flow and the maximal value of the temperature field from linear profile [136]. Thus, it has 

been derived that external vibrations that have a lower frequency than 0.1 Hz have a stronger 

effect on all quantities of the flow.  

 

Figure  6-1: Temperature variation between hot and cold walls 
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In this study, the minimum frequency is 1 Hz and most of the runs have a frequency of 2 Hz, 

thus the actual temperature fluctuation should be less than 1x10
-5

 K. This means after thermal 

time it is accurate to assume a constant temperature profile in the cell. The properties of the 

liquids and their contrast factors at the mean temperature of 298 K can be found in Figure  6-1 for 

this mixture. These values were used in the calculation of the temperature field in the cavity at 

each pixel of the images, to produce with an error less than 0.05 K [110,112]. A linear variation 

of the thermal gradient was reached in the cavity at the end of thermal time. According to the 

given relation for thermal time stated earlier, this parameter for the water-IPA mixture is more 

than 12 min. Figure  6-1 illustrates the temperature variations along the height (the thermal 

gradient direction) and at the middle of the cavity at different times during thermal time for 

Run15. Although after the thermal time the temperature variation along the temperature gradient 

direction can be observed as a result of heat fluxes at the walls. Note that according to 

Figure  6-1, after 3 min of applying the thermal gradient, ΔT between the hot and cold walls had 

its maximum and/or steady value. While ΔT between the heights of 2.5 mm and 7.5 mm showed 

a small change of temperature (less than 0.1K) during last 9 min of thermal time. 

 

Figure  6-2: Temperature contour inside cell after thermal time 

Figure  6-2 demonstrates the temperature contour inside the binary cell during Run15, which had 

the largest level of forced vibration. The similar temperature contour between this case and the 

run without vibration (Run2) suggests that the forced vibration in these cases does not affect the 

temperature variation in the domain. Because of the small thin gaps between the quartz glass and 

both the cold and hot walls of the cell setup, the non-linearity of temperature started from the 

corners of the cavity[110,112]. 
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Figure  6-3: Average Nusselt number at the cold and hot walls 

The maximum temperature differences of all runs between the two hot and cold walls are 

summarized in Figure  6-3. It is of note that that while more than 90 % of the height of the cavity 

is considered for processing, the maximum and minimum temperature differences are 12.4 K and 

12.7 K in Run15 and Run16, respectively. Although the temperature difference is supposed to be 

15, even in the case of considering our cropping size the temperature difference should still be 

larger than 13.5 K. Consequently, the substantial deviation of ideal thermodiffusion noticed at 

the end of these runs, which was caused by the difference between the predicted 15 K 

temperature difference and the actual one (lower measured temperature difference than 15 K). 

This shows the importance of measuring temperature in the cavity experimentally.  

Finally, Figure  6-3 shows that the heat fluxes close to the hot and cold walls are similar in 

different directions (using the Nusselt number that is defined as Equation  6-1. However, as the 

vibration level increases, the convection becomes stronger, which causes a slight increase in the 

heat transfer at the walls. Although in this range of Gs, the heat transfer at the wall does not 

change significantly with an increase in Gs. The Nusselt number is slightly greater than one 

(~1.15) that points to a convection regime. 
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6.3.2 Diffusion Time and Concentration Profile 

The effect of convection that can be seen in Figure  6-4 :, is that it causes the system to reach a 
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with the second weakest vibration (Run16) and the strongest vibration (Run15) decreased to10 h 

and 6 h, respectively. It is also evident in Figure  6-4 : that the mass transport process for Run17 

and Run16 were dominated by thermodiffusion, and for the other runs it is the convection in the 

system that dominated. 

 

Figure  6-4 :Maximum Soret separation between walls 

Figure  6-5: shows concentration variations along the thermal gradient direction at the middle of 

the cavity at several times during the diffusion period for four runs. Despite of the small 

curvature of Run17 after 12 h, which deviated from the linear variation from the top to the 

bottom of the cavity (see Figure  6-5:a), the trend is completely non-linear for other runs. This 

remains true even for Run16 (shown in Figure  6-5:b), which has the closest vibration level to 

Run17. The influence of convection is evident in the concentration distribution in Run14; 

moreover, Run15 (Figure  6-5:d), which has the highest vibration, showed the strongest 

convection cell, which mixes the entire fluid inside the cavity. 
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(a) Run17 (b) Run16 

 

 

 

(c) Run14 (d) Run15 

Figure  6-5:IPA concentration variation at the middle and along temperature gradient direction at 

various times 
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(a) Run12 (b) Run17 (c) Run16 

   

(d) Run14 (e) Run19 (f) Run13 

   

(g) Run13R (h) Run18 (i) Run15 

Figure  6-6: IPA concentration profile inside cell for various runs after 12 hours 
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It is remarkable that while points close to the hot and cold walls show a higher concentration of 

IPA and water, respectively, points nearby  to these point at z = 2 mm and z = 8 mm show the 

opposite direction of separation with the same magnitude. 

Studying the remarkable effects of vibration is impossible by considering concentration variation 

along just one line at the middle of the cavity. Thus, Figure  6-6 illustrates the concentration 

contours inside the primary IVIDIL cell during Run12, Run17, Run16, Run14, Run19, Run13, 

Run13R, Run18, and Run15 at the end of the thermodiffusion phase. While Figure  6-6a shows 

Run12 with a very small vibration as Gs = 1.3, it produced the same concentration contour as the 

temperature contour pattern. The curvature occurs as a result of heat flux that exists close to the 

corners of the cavity due to inadequate heat isolation in the equipment [110,112].  

Thus, the non-linear temperature profile affects the concentration pattern in the cavity mainly 

nearby the corners at the end of thermodiffusion phase. While for other cases with higher levels 

of vibration, the vertical line that contains the maximum separation of species migrates to the 

two corners of the cavity. It demonstrates that the strong, induced convection cells formed as 

vibration level increased. This observation has its maximum effect in runs15 and 18, in which 

the diffusion pattern was destroyed by more than one strong convection cell (four convection 

cells). These influences can be compared against various levels of controlled vibration in 

Figure  6-6. While strong mixing is apparent in all cases (except Run12), it can be seen that the 

Soret effect is dominant in the first three cases of Figure  6-6. Parts d, e, f, and g of Figure  6-6 

illustrate a homogeneous concentration region at the center of the cell, and the last two parts of 

this figure show regions of high concentration of IPA close to the hot wall that occurs due to 

critical mixing in the cavity. 

Note that the concentration profile is almost homogeneous for the last case, except at the walls 

where a high gradient of separation is noticeable. The same observations were found numerically 

[94]. With an increase in the vibration level the local maximum occurred earlier in time and its 

relative value was lower. This can be seen in Figure  6-7 and Figure  6-8 . As illustrated in 

Figure  6-8 , the steady-state values of the separations may be presented as a function of the 

oscillatory acceleration level. Moreover, Figure  6-7 shows the different mechanisms in mass 

transport in comparison with the pure thermodiffusion. A weak dependence of separation on 
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vibration level was detected for Gs > 1000, which means that the mixing caused by vibration was 

at its maximum strength in this regime. Moreover, the relation between time of maximum 

separation and Gs number is shown in Figure  6-8 . 

 

Figure  6-7 : Maximum separation of the various runs with the expanded y-axis and contracted x-

axis during thermodiffusion time 

It indicates that from zero gravity to this critical Gershuni number the maximum separation 

occurred at the diffusion time. This shows that diffusion plays the dominant role in component 

separation at low Gershuni numbers.  

Note, the x-axes in Figure  6-8  are a calculated Gershuni number based on the temperature 

difference of the Peltier elements (15 K, lower axis) and optical temperature difference (upper 
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axis). We believe that the upper axis must be used in this kind of study because the accurate 

temperature difference between the hot and cold walls can be measured optically. It must be 

noted that calculations were done with the vibrational acceleration (gos= A ω
2
 where A represents 

the vibration amplitude and ω frequency of the force vibration) to investigate the possible 

relation of the acceleration of the vibration to the separation in the domain. While generally as a 

decrease in the acceleration increases the separation, no firm pattern, or relation can be found 

between acceleration and the separation in the cell. Thus, it can be concluded that the Gs number 

provides better performance to predict the effect of vibration on the mixing and induced velocity 

in the system. 

 

Figure  6-8 Maximum separation and the time of maximum separation versus Gershuni number 

for all runs. 

As shown, the influence of vibration is not negligible for any run studied herein because the Gs 

is greater than 20. According to Gershuni method and theory, when Gs ~ 20, 95% of the 

separation of a zero gravity environment is achieved. Further increase in the Gershuni number 

seriously affects the diffusion process as induced convection dominates the diffusion process. 

However, it was found that when the Gershuni number was below 10, the process was 

completely governed by pure thermodiffusion. Further increase in the Gershuni number triggers 

mixing effects [114,136,137]. 
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 Conclusions  6.4

In order to determine the impact of controlled forced vibration on flow patterns, eight runs with a 

maximum temperature difference of 15 K and a negative Soret coefficient were selected and 

analyzed using Mach–Zehnder interferometer for the first time. Mathematical analysis by means 

of a Fourier transform image processing was performed. Although theoretically and according to 

the records of the Peltier elements, the temperature gradient was 15 K; considering the cropped 

size of the images, the maximum measured gradient across the cell was less than 13.5 K. 

Consequently, substantial deviation from ideal thermodiffusion resulted by considering the 

separation at the end of the runs due to the temperature difference recorded by the Peltier 

elements. In addition, using the optical result can provide an accurate measurement of Soret 

coefficient in this experiment as shown here. 

The obtained results were compared with the analytical separation in the convection-free regime 

using benchmark values of diffusion coefficients from literature. Results revealed a maximum 

separation for the case with the minimum Gershuni number; however, a linear relationship 

between Gs and the maximum separation was not detected for the entire range. For Gs higher 

than a critical value, the effect of an increase in the vibration level decreased, and a linear 

decrement in separation was detected. The final results of this research are in good agreement 

with pervious numerical studies. While most of the runs reached a steady-state condition before 

the end of diffusion time, the run with the smallest Gs required more time to reach this condition. 

Finally, it was shown that the ISS provides a suitable environment for this experiment, and the 

results of the IVIDIL experiments are consistent and can be used as a reference to validate 

experiments in the conditions of earth gravity. 
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7 Chapter 7: New Experimental Method to Measure Pure 

and Cross Diffusion Coefficients 

 Introduction 7.1

In this chapter, a digital Mach-Zehnder interferometer (MZI) that is equipped with two lasers of 

different wavelengths was used to conduct high-resolution measurements of concentration 

profiles of a ternary mixture inside a diffusion cell. An advanced image processing method was 

employed to extract the phase image from fringe images [119,138]. According to the measured 

refractive index variations inside the cell, the concentration profiles of the two components were 

measured. There exists a well-known analytical solution for the mass transfer of species in 

binary mixtures, it also is known that the cross diffusion coefficients of ternary mixtures are 

about one order of the magnitude smaller than the pure diffusion coefficients in these systems. 

Because of this magnitude difference, in most of the diffusion measurements of ternary mixtures 

the cross diffusion coefficients were neglected, and the analytical solution for binary mixtures 

was used to determine the pure diffusion coefficients. Here, for the first time, the refractive 

indices inside a ternary system measured by two lasers were coupled with the analytical solution 

of mass transfer in the system for use in a an evolutionary algorithm (EA) known as genetic 

algorithm (GA) based on Fick’s law were employed to simultaneously measure the pure and 

cross diffusion coefficients of a transparent ternary mixture. In order to validate the proposed 

measurement method, the experimental results of the DSC experiments on board the 

International Space Station (ISS) were analyzed using this technique, and the obtained results 

were compared with the currently used analysis techniques. Then, the proposed approach is 

explained in detail, which includes a mathematical description of the problem for binary and 

ternary mixtures, the experimental procedures, and the optimization method and in the last 

section provides the experimental results gained by the proposed approach. 

 Proposed Approach to Measure Diffusion Coefficients 7.2

The proposed approach can be described by four sub-sections: 1) Mathematical differential 

equations that demonstrate the mass transfer in the ternary mixture, 2) analytical solutions for the 
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ternary system with specific initial conditions, 3) the concepts of the MZI experiment equipped 

with two lasers with different wavelengths for monitoring the change of refractive index in the 

cross section of the cell, and 4) the optimization method, which is based on an EA. 

7.2.1 Mathematical Description of the Diffusion in a Ternary Mixture 

Diffusive mass transport in a ternary mixture in an isothermal condition is described by two 

independent mass fluxes according to the first Fick’s law [52,53]. There is no need to define the 

third mass flux for the last component because the final closing relation describes the third mass 

flux completely. Given, i =1,2, and 3, the mass fluxes are given by Equations  7-1. to  7-3:

1 11 1 12 2( )J D c D c      
 7-1 

2 21 1 22 2( )J D c D c       7-2 

3

1
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i

J



 

 7-3 

Mass conservation equations, with previous equations and the assumption of a convectionless 

regime, allow writing the following equations that govern the time evolution of the component 

concentration along with the general boundary and initial conditions (the second Fick’s law): 

7.2.1.1 Analytical Solutions for Mass Transfer 

When one assumes that the cross diffusion coefficients are negligible in comparison with the 

pure diffusion coefficients, Equations  7-5 and  7-6 can be simplified. The simplified forms of 

those equations are mentioned below: 
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where ci,0 is the initial mass fraction of the i
th

 component, ∆ci,0 represents the initial concentration 

gradient of the i
th

 component, and L is the distance between the points that define the boundaries 

to ∆ci,0 at the beginning of diffusion process (or the length of the cell in this experimental 

method). The temporal concentration variation in the system can be expressed analytically as a 

function of diffusion time: 

where 
11
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D
  that demonstrate the diffusion times for components one and 

two, respectively, in the ternary mixture. In previous measurements of diffusion coefficients, 

either for binary or ternary mixtures, Equations  7-9 and  7-10 were used to estimate the pure 

diffusion coefficients of the mixture. Consequently, this method was not able to measure the 

cross diffusion coefficients of ternary mixtures. However, in this study we did not ignore the 

cross diffusion coefficients, since it has been shown that in some cases the magnitudes of the 

cross diffusion coefficients are comparable to those of the pure diffusion coefficients. In these 

cases, neglecting the cross diffusion coefficients is not an accurate assumption. Consequently, in 

order to develop a general method to measure diffusion coefficients of ternary mixtures, all 

diffusion coefficients must be considered; therefore, Equations  7-5 and  7-6 should be solved with 

no simplification. 
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Equations  7-5 and  7-6 can be rewritten as follows for the diffusion of any ternary mixture: 

The only possible method to solve this system of differential equations is by decoupling the two 

equations and then applying the results of binary mixture to the decoupled equations. A similar 

method has been used before for the same equations but with different initial conditions 

[9,139,140]; however, for the specified initial conditions mentioned in Equations  7-5 and  7-6, 

this the first time that the analytical solution has been derived. The diffusion matrix D can be 

diagonalized as: 

In which E represents the eigenvalue matrix and the matrix P is a function of the eigenvector 

Consequently, the analytical solution has the same form as the general solution of the binary as 
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where 
1

0 0P c   and 
1

0 0P c    , and i and P, are as defined above [140]. Since the solution 

for ternary mixtures is a general solution for mass transfer due to diffusion, mass transfer in a 

binary mixture can also be expressed by these formulas when D11=D22 and D12=D21=0. It must 

be noted that a numerical discretized form of Equations  7-19  and  7-20 can be solved 

numerically versus time for various estimated parameters using an iterative method rather than 

an analytical solution. However, the accuracy of the numerical solution must be validated versus 

the analytical solution of the ternary mixture. 

 Application of MZI to Visualize Mass Transfer 7.3

Equation  7-21 can be used to define the relationship between the refractive index and 

concentration change for binary mixtures. 
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Thus, if the refractive index variation respect to the homogeneous condition can be measured, the 

concentration profile of one of the components can be calculated. It must be noted that 

Equation  7-21 is only applicable when the concentration change is caused due to change of 

concentration alone. In other words, there should not be any local temperature gradient or change 

of the temperature with respect to time. For the ternary system, there are two sources of change 

of refractive index caused by two components, as: 
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There are two contrast factors in the above equation that relate to the concentration change of 

components one and two. The refractive index (∆n) from one source (one laser) for a ternary 

system cannot provide enough information to determine both ∆c1 and ∆c2. On the other hand, the 

refractive index of a material varies with the wavelength (and frequency) of light. As a result of 
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this, if another laser with a different wavelength is used (simultaneously along with the first 

laser), two equations would result that makes the measurement of ∆c1 and ∆c2 possible.  
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It must be noted that the contrast factors are functions of both composition and temperature 

[141–143]; however, they can be assumed constant when the change of the concentration or 

temperature is small. 

7.3.1 Experimental Procedures 

The first step to making a measurement was the thermalization of the sample at the mean 

temperature to initialize the mixture characteristics by reaching uniform concentration and 

temperature distributions inside the cavity. Then, the temperature gradient was established over 

the next 6 to 8 hours. Because of the Soret effect, the linear concentration variations between the 

walls were also  created by the presence of the thermal gradient[110,112,144,145].  

After the completion of this step, the temperature difference was removed, and the cell was 

brought back to the mean temperature within three minutes. The data for the active cell were 

then acquired for 4 to 6 hours. After each run, the system was brought to the initial isothermal 

and homogeneous concentration conditions. Finally, images are analyzed by using one of the 

phase extraction methods like Fourier transform. 

7.3.2  Advanced Image Processing Aided with an Evolutionary Algorithm 

A sample of the fringe pattern obtained by the interferometer on board the ISS, its phase map, 

and the unwrapped images are shown in Figure  7-1. The arrows inside the fringe pattern 

(Figure  7-1a) point out various sources of noises in the image processing procedure that were 

caused by the optical system. By using a proper image processing, phase extraction, and an 

advanced unwrapping method, the negative impacts of this noise can be removed from the 

profile. As is shown in Figure  7-1b and c, the noise effects are completely removed from the 

phase and the unwrapped image [119,146]. 
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In general, a smooth two-dimensional profile of phase change can be obtained over the entire 

domain using equation  7-24 in which n can be obtained from Equations  7-25 to  7-27. The first 

equation gives the phase unwrapping in one dimension, and the second one expands it along the 

second dimension. Basically, during this procedure, the wrapped phase of a pixel was compared 

with a neighboring pixel that was previously validated. If the difference between two neighbor 

pixels was less than π, n remained unchanged. The phase was changed to 2π plus its wrapped 

phase if the difference was less than -π. Finally, if the difference between the two pixels was 

more than π, the phase was equal to its wrapped phase minus 2π. It must be noted that unlike 

most other unwrapping techniques, the unwrapping process started from the pixel that was 

located at the center of the image, moving to both edges to avoid expanding any effects of noise 

close to the boundaries. 
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where 2 4
, , ,...,

2 2 2

n n n
j n

 
 and 2 4

, , ,...,1
2 2 2

n n n
j

 
 and also where i and j represent 

different coordinate indices of pixels in the x and y directions, respectively, and m and n are the 

number of pixels in the x and y directions, respectively [112,113,119]. 
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(a) A sample of fringe pattern 

  

(b) its phase image (c) unwrapped phase image 

Figure  7-1: Filteration of noise in the fringe pattern by image processing 

The phase differences obtained by the described unwrapping process for both of the lasers were 

used to measure refractive index profiles, Δn(x,y). The profiles then allowed the measurement of 

the concentration profiles in the cell, and as a result the maximum ∆C in the cavity. The 

relationship between phase difference Δ  and Δn is described below: 
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A general sample of the change of refractive index between the walls during the entire 

experiment is plotted in Figure  7-2. At first, there is no change of refractive index. Then, there is 

a sudden jump in the refractive index caused by the application of the temperature gradient. 
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Gradually, the concentration gradient built up between the walls. Subsequently, the temperature 

gradient was removed and in the last step, the pure diffusion process occurs. 

The concentration profiles can then be calculated combining Equations  7-22 and  7-23, when the 

refractive index profiles and the concentration contrast factors of the mixture are known. The 

maximum refractive index variations measured by both lasers during the diffusion phase for the 

test mixture in this study is illustrated in Figure  7-3 (more detail on the experimental results are 

provided in the next section). 

 

Figure  7-3: Maximum refractive index variations of both lasers with different wavelengths 

during the diffusion phase. 
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Figure  7-2: Maximum refractive index difference between the hot and cold walls during the 

entire duration of the MZI experiment. 

0 100 200 300 400 500 600

0

1

2

3

4

5

6
x 10

-3

Time [min]

R
e
fr

a
c
ti

v
e
 I

n
d

e
x

 D
if

fe
r
e
n

c
e
  
| 

n
|

 

 

= 670 nm

= 935 nm

End of Thermal Time

Diffusion Phase

Thermal Time, 

Maximum Seperation

Reference Image



115 

 

So, the mass fraction of the first two components can be calculated as follows: 
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When the separation profiles of two of the components are measured, the third profile can be 

found based on the conservation of mass in the system. Thus, the temporal concentration profile 

of each mixture was obtained. These profiles were used to extract the diffusion matrix. The aided 

genetic algorithm (GA) with fast robust discretized smoothing was implemented to find the 

curve that provided the best fit to the experimental concentration difference. 

7.3.2.1 Genetic algorithm and implementation of robust smoothing 

In any experiment, it can be shown that interpolation is unsatisfactory because it fails to account 

for the errors or uncertainty in the data, and the uncertainty, error, and rough data must be 

removed from the temporal results. We have instead opted to use data smoothing techniques, 

which eliminate noise and extract real trends and patterns [108,147–149]. Basically, signals are 

assumed to vary smoothly, perhaps with a few abrupt shifts [108].In the proposed method here, a 

fast robust version of a discretized smoothing spline was used [108,150] based on a discrete 

cosine transform (DCT). The accuracy of this model has been illustrated in a few cases using 

MATLAB [108]. The applications of the robust smoothing DCT on the real experimental results 

are shown with the solid and the dashed lines in Figure  7-4. 

After applying the robust smoothing method to the experimental data points, the analytical 

solution for the mass diffusion in ternary mixtures must be used to find the best fit to 

experimental results (or the best smooth curve of experimental results). The best fit lines can 

estimate the diffusion matrix, which includes four unknowns: D11, D22, D12 and D21. In the case 

that the number of free parameters is more than the number equations, those parameters can be 

evaluated and corrected during each iteration using the curve-fitting problem with an EA 

approach. In this case, for any pair of images taken by the lasers during the diffusion experiment, 

there were two equations with four free parameters that needed to be evaluated. Moreover, there 
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were at least four constraints to be considered in order to find an optimal solution that satisfies 

the physics of the problem.  

These constraints were introduced in the literature [140] as: 

In addition to the constraints mentioned above, finding the optimal solution in the 4-dimensional 

domain using a gradient base method has been shown to be impossible[151]. Evolutionary 

 

Figure  7-4: Application of robust smoothing discrete cosine transform on diffusion experiment. 
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methods (such as GA) are faster and more accurate than gradient-based methods for such this 

problem, because these methods do not become trapped in local optimal points, and they can 

consistently report the global solution. Therefore, the application of a GA for such nonlinear 

problems is highly recommended. The objective function must be defined in a way to minimize 

the difference between the predicted analytical curve and the experimental results (or smoothed 

experimental curve). Moreover, as time passed during the experiment, the concentration 

difference between the walls decreased, because of the diffusion process. When the 

concentration variation was small the influence of the noise and errors were more pronounced. 

Since at the end of the diffusion process (last hour of the diffusion process) the ∆C between the 

walls was very small (less than 10
-4

), the influence of noise caused fluctuations in the curve of 

separation versus time. These fluctuations can cause noticeable variation between the 

experimental and fitted curves; variation that increases the objective function and has a negative 

impact on the final optimum solution. Thus, the objective function must be a function of time in 

the form of a least square error function, and it must be minimized during the optimization 

procedure. The suggested form of the objective function is introduced here as: 

where n is the number of images obtained by each of the lasers, and t is the time used to intensify 

the influence of each data point. Use of the the diffusion time D in an objective function caused a 

linear variation between the first and the last data points in a way that the effect on the objective 

function of the first image was two times larger than the effect of the last one. 

The results of the optimization procedure satisfied the constraints of the problem, which are 

mentioned in Equations  7-30 to  7-33. The first two constraints were automatically be satisfied 

when the lower search band of the pure diffusion coefficients were assigned zero. However, the 

last two constraints were applied to the optimization procedure using a penalty method. In the 

case that all constraints in Equation  7-30 to  7-33 were not satisfied, the objective function in 

Equation  7-34 was increased by a factor of three plus a constant positive value. Doing this 

assured that the optimized solution satisfied the constraints. The specific parameters of the 
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genetic algorithm that were recommended for the estimation of the pure and the cross diffusion 

coefficients are provided in Table 14. These bands, limitations, and populations may change 

from case to case depending on the properties of the mixture and the experimental conditions. 

Table 14: Genetic Algorithm Specification 

  Estimation of Pure diffusion 

coefficient 

Estimation of cross diffusion 

coefficient 

Iteration Population Lower band Upper band Lower band Upper band 

300 500 0 1×10
-9

 -5×10
-10

 5×10
-10

 

7.3.3 Applications of Proposed Method for Space Experiments 

A mixture of tetrahydronaphthalene-isobutylbenzene-dodecane (THN 45%[wt], IBB 10%[wt], 

C12 45%[wt]) was hosted on board the ISS. The liquid mixture was contained in a 10 mm x 10 

mm x 5 mm (w, l, h) cell and was monitored by a MZI setup. The experiment was performed at a 

mean temperature of 298 K. The optical properties of this ternary mixture at this specific 

composition can be found in literature [95]. 

 

Figure  7-5: Temporal concentration variation between the walls during the space experiment and 

the fitted curves obtained based on the analytical solution of the binary and ternary mixtures. 

The maximum concentration difference, ΔC, for the test mixture was extracted from the chart 

shown in Figure  7-3. The calculated concentration variations between walls are illustrated in 
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differences of the components (especially for IBB) can be observed in Figure  7-5. The separation 

magnitudes of both C12 and IBB were similar, which means that for this case the measurement of 

the diffusion coefficient of THN is not easily made, because the maximum concentration 

gradient of THN at the beginning of the diffusion experiment is not noticeable. 

The GA was applied to the obtained concentration variations for the diffusion phase of the 

experiment, which lasted 4 hours. In addition to this procedure, the analytical solution for the 

binary mixture was used to find the best fit to the experimental results. Interestingly, both fitted 

curves (one obtained by the analytical solution of the ternary mixture and the other one from the 

binary mixtures) overlapped each other completely (see Figure  7-5). This shows that both 

procedures provide the same accuracy to estimate the best curve to fit the experimental results. 

However, the cross diffusion coefficients in the binary mixture case were ignored. If one 

compares the values of D11 obtained by both (see Figure  7-5), then the small difference between 

these two pure diffusion coefficients is observed. It must be added that the pure diffusion 

coefficient estimated by the proposed method in this study has a smaller value than that 

estimated by the other method. This difference can be explained by considering the cross 

diffusion coefficient that is also estimated by this technique. When the analytical solution of the 

binary mixture is being used instead of the ternary one, pure diffusion represents the summation 

of the effects of both the pure and cross diffusion coefficients. Using the proposed technique, on 

the other hand, distinguishes the impact of these two diffusion coefficients and reports them as 

independent values. 

7.3.4 Advantages and Limitations of the Proposed Method 

The proposed method is applicable to most of the ternary mixtures and has an important 

advantage that other methods do not have. To measure the diffusion coefficients, there must be a 

local concentration gradient for at least one of the components of the mixture at the beginning of 

the procedure (t = 0). Most experimental methods propose two mixtures containing similar 

components but different initial concentrations of the components in contact of each other at the 

beginning of the experiment. Proposing these two mixtures at t = 0 introduces many technical 

difficulties to the experimentalists, and it also requires direct contact between the fluid media. 

This connection can disturb the pure diffusion procedure and may have an influence on the 
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measurement of the diffusion coefficient. On the other hand, in the method proposed here, the 

Soret effect is used as the driving force to induce a linear variation of the concentration gradient 

inside the domain. This method does not need any contact with the medium and also provides a 

linear variation of the concentration as the initial condition of the problem. 

Despite this benefit provided by the Soret effect, using this phenomenon to create the 

concentration gradient has its limitations. In order to have a large enough concentration gradient 

(~8×10
-3

 [wt]) to enable clear measurements and detection of the diffusion process, the liquid 

mixture should have a noticeable tendency to separate in the presence of a thermal gradient. In 

other words, this technique does not work for mixtures with small Soret coefficients (<10
-3

). This 

also depends on the other characteristics of the experiment, such as ∆T, the initial concentration 

gradient, and the cell size.  

One may suggest applying a higher temperature gradient for the cases with low values of Soret 

coefficient in order to compensate for this limitation. In the presence of higher temperature 

differences, higher concentration variations will be caused for any binary or ternary mixture. 

However, there are two points that must be considered. First, there is a constraint to increases in 

∆T. The maximum temperature difference applied to the system must be in a region that the 

contrast factors can be assumed constant. Since the contrast factors are a weak function of 

temperature, the maximum value for ∆T has an approximate upper band at 20 K. The second 

limitation is only true for ternary mixtures and can be explained as follows. If the separation of 

one of the components in comparison with the two others is small in the ternary mixture, it is not 

possible to measure the diffusion coefficients for that component. However, it must be noted that 

even in this case the diffusion coefficients of the two other components can be easily measured 

using this method. 

The quality of the images, the number of fringes, the angle of mirror, and the length of the path 

must all be optimized in the MZI setup to obtain an accurate and precise result. The contrast 

factor matrix in Equation  7-29 is the key point to relate the refractive index variation to the 

concentration. Since the concentration contrast factors of a specific mixture at various 

wavelengths are remarkably close, and also ∆n measured from the experiment on board the ISS 

by both lasers are quite similar (see Figure  7-3 that shows the similar behavior of both lasers for 
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the test mixture), a small change in the contrast factor will change the final result. It should be 

emphasized that this is a general limitation of MZI to measure the concentration profiles for 

ternary mixtures. In order to minimize this effect, two lasers that are used in the experiment must 

have the maximum possible wavelength difference. For instance instead of using lasers with λ = 

670 and 935 [nm], it is recommended to use two lasers that have λ = 450 and 935 [nm]. 

 Conclusions 7.4

A new experimental method to measure the pure and cross diffusion coefficients of any 

transparent liquid mixture using Mach-Zehnder interferometry has been proposed. The essential 

post-processing procedure that was required to extract the diffusion matrix from the fringe 

images is provided in detail. The Soret phenomenon was used as the driving force to initiate the 

concentration variation at the beginning of the diffusion process. The analytical solution of the 

diffusion mass transfer in a ternary system along with an optimization method using an 

evolutionary algorithm was employed to estimate the values of the diffusion matrix. The purpose 

of this technique was examined versus the experimental results obtained on board the 

International Space Station. The comparison between the measured diffusion matrix found by the 

proposed method and the previous technique (using the analytical solution for a binary mixture) 

proves the accuracy of the proposed technique. Furthermore, this technique can in fact provide 

more details. Eventually, the advantages and limitations of this technique were discussed and the 

essential recommendations and suggestions were made to minimize the influences of the 

mentioned limitations.  
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8 Chapter 8: Detail Analysis of DSC Experiment to 

Measure the Soret coefficients for a ternary 

hydrocarbon mixture 

 Introduction 8.1

The gap of experimental data for mixtures more than two components has a negative impact of 

the development of the multi-component thermodiffusion models [35,50]. Although the theory 

for binary mixtures is well established, there is some uncertainty related to the ternary system. 

Accordingly, there was an essential requirement for an accurate ternary experiment to confirm 

ternary or multi-component models. 

While the IVIDIL experiment was proposed to study the impact of oscillatory acceleration on the 

thermo separation of binary mixtures [67,152–154], the main purpose of DSC (Diffusion and 

Soret Coefficient) was the measurement of diffusion coefficients of some ternary mixtures, in the 

reduced gravity environment available on board the ISS [44,132]. 

Accordingly, it is expected that this experiment may deliver high precision benchmark 

measurements on scientifically and industrially relevant multi-component mixtures. The sample 

was contained in a cell 10 mm x 10 mm x5 mm(w, l, h) and is monitored by a Mach-Zehnder 

interferometer at two wavelengths. Mixtures of tetrahydronaphthalene-isobutylbenzene-

dodecane (THN-IBB-C12) at five different compositions were hosted in the DSC cell array. 

 Chapter Aims 8.2

In this chapter, two selected DSC experiment runs, which were performed on board the 

International Space Station, were investigated in detail for the first time. The ternary sample was 

 

Figure  8-1: SODI cells arrays [111,133,152] 
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contained in a cell 10 mm x 10 mm x 5 mm (w, l, h) and was monitored using a Mach-Zehnder 

interferometer at two wavelengths. Mixtures of THN-IBB-C12 at five different compositions 

were hosted in a cell array. The experimental results of these experiments correspond to the 

second cell of the  DSC array of the a mixture of 80% mass fraction of IBB, and 10% mass 

fraction of THN, and 10% mass fraction of C12 is presented in this work. Thus, Run7 and Run12 

according to DSC timetable with mean temperature of 298K are investigated in this work. This 

series of images needed to be processed and analyzed by means of different Fourier 

transformations or phase shifting methods. Accordingly, temperature and concentration 

differences in the cavity caused refractive index variations in the domain that must be obtained 

from this process. Then, the Soret coefficient is obtained with two different points of view: 1) by 

assuming the system has reached steady state and then 2) by curve fitting using the genetic 

algorithm. These two results prove that unlike the IVIDIL experiment for which steady-state 

condition was not reached at the end of the thermodiffusion phase, the DSC experiment provided 

enough time for this phase of experiment to reach steady state. While perfect thermal isolation 

near the lateral walls was not obtained, separation of the components in the mixture was 

measured in the middle of the cavity, a region in which the mixture behaves in the same manner 

as pure diffusion. Section 2 explains the optical setup and Section 3 presents the experimental 

procedure. 

 Optical Experimental Equipment for Ternary System 8.3

The proposed experiments in space were implemented in the SODI facility. The main feature of 

the SODI apparatus is located in the MSG (Microgravity Science Glovebox), shown in 

Figure  8-2. In the modular approach, where the experiment module is the central element, it is 

possible to change some parts of the SODI without any significant disruption to the diagnostic 

instruments or having to take out the facility from the MSG. For example, switching from one 

experiment to another requires only changing the experimental cells or cell arrays as mentioned 

earlier and shown in Figure  8-2. The mixture components have been chosen because they are 

representative of a hydrocarbon reservoir mixture [35]. THN represents the family of the 

naphthenic compounds, while IBB presents the aromatic compounds, and finally C12 provides 

the aliphatic compounds’ behavior. The chemical structures, properties, and their molecular 
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shapes are provided in Table 15. The decision for the selected fluid depended on two parameters: 

first, the ground-based experimental results, and the possibility of being investigated using SODI 

and the feasibility of data analysis. 

Figure  8-2a and Figure  8-3a show the actual apparatus and schematic setup, respectively, of the 

MZI instrument, while Figure  8-2b and Figure  8-3b illustrate the experimental and schematic 

setup, respectively, of the particle image velocimetry experiment used in this experiment. The 

fixed optical module is used to perform velocimetry on the DSC and IVIDIL companion cells. 

Five different compositions of the THN-IBB-C12 mixture are considered in the first cell array of 

DSC, as mentioned in detail in Table 15, while the second cell array is filled with different 

compositions of mixtures of cyclohexane-toluene-methanol. The last part of Figure  8-2 and 

 

Figure  8-2: Glovebox and CSA astronaut Thirsk, onboard ISS before installing SODI array 

inside that box  
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Figure  8-3 shows the assembled apparatus. There are two temperature controllers to adjust the 

temperature at the lower and upper sides of the cells.  

These two regions are covered by two copper blocks that homogenize the temperature 

throughout the liquid side instantly as a result of its high thermal conductivity. The temperatures 

of these regions, which yield the temperature gradient for the liquid volume, are controlled. This 

unit includes a calibrated thermal sensor for temperature reading with a high precision value of 

 

 

(a)  Interferometer moving bridge (a)  Interferometer moving bridge 

 

 

(b)  Interferometer  fixed bridge (b)  Interferometer  fixed bridge 

 

 

(c) Assembled SODI facility (c) Assembled SODI facility 

Figure  8-3 The actual SODI apparatus 

[111,155] 

Figure  8-4 The scheme of  the SODI apparatus 
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0.01K as well as the Peltier element air circulation channel. In addition to these, there is a PID 

controller system, which sends and receives the temperature reading to a computer. An optimal 

PID tuner is used to propose the optimal action in the operative feedback controller loop.  

Table 15: Chemical properties of three components of the test mixtures 

EPA Substance Registry 

System 

1,2,3,4-Tetrahydronaphthalene Isobutyl benzene n-Dodecane 

Abbreviation name THN IBB C12 

Molecular Formula C10H12 C10H14 C12H26 

 

 

 

Molecular Structure 

 

 

 

 

 

                

Density at 298K [g/cm
3
] 0.971 0.850 0.747 

Molecular Mass [g/mol] 132.21 134.22 170.34 

The cell configuration was selected based on optimization analysis of different aspect ratios of 

the Soret cell, and it is made of quartz Suprasil [131]. Mialdun et al. have discussed cell size and 

shape optimization, and the importance of its thermal design in their recent work. The new cell is 

designed for this series of the thermodiffusion experiment on board the ISS due to some 

technical problems of heat transfer in the system.  

 

Figure  8-5: Experimental cell and temperature controller sketch[95]  

8.3.1 Experimental procedure for ternary system 

The sample is monitored using a Mach-Zehnder interferometer at two wavelengths. Two laser 

beams of constant frequency with wavelengths λ= 670 nm and λ= 935 nm are expanded and 
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divided into two beams. One beams then travels through the cell holder and the experimental cell 

while the other bypasses the cell and is used as reference. Figure  8-6a and b show two different 

paths inside the cell holder. One of the paths follows the beam through the front of the cell (in 

the direction perpendicular to the thermal gradient) and the other one passes through the void 

area to be used as the reference beam. The first step to a measurement was thermalization of the 

sample at the mean temperature to initialize the mixture characteristics by reaching uniform 

concentration and temperature inside the cavity. The mean temperature that was achieved 

between the walls of the cell was 25°C for half of the DSC experimental runs (which are 

considered in this study) and 40°C for the other half. During the first ninety seconds of this 

phase, no images were acquired. This step was performed while the experimental run on the 

previous cell was still ongoing in order to reduce experiment duration.  

 
 

(a) IVIDIL, Ext1-water (b) DSC-Run7 and 12-THN 

Figure  8-6: Separation versus time during thermodiffusion phase 

Then, with temperature gradient buildup, a temperature difference was established across the 

sample. The process lasted 6 to 8 hours depending on whether the run was normal or extended, 

respectively. The set point temperature reached the prescribed stability within three minutes (first 

thermal time) from the imposition of the temperature difference. MZI images and the Peltier 

elements’ temperature corresponding to this phase were acquired. After thermodiffusion was 

completed, the temperature difference was removed, and the cell was brought back to the mean 

temperature within three minutes (second thermal time). Then, the data for the active cell were 

acquired for 4 to 6 hours. After the completion of each run, the system was brought to the initial 

isothermal and homogeneous concentration condition. If needed, the run could be repeated at a 

0 5 10 15 20
0

1

2

3

4

5

6

x 10
-3

Time [hr]

C
h
-C

c

1 2 3 4 5 6

-4.1

-2.1

-0.1

x 10
-3

Time [hr]

C
h
-C

c

 

 
C

THN
,Run7

C
THN

,Run12

12 14 16 18 20 22

5.5

5.6

5.7

5.8

5.9

x 10
-3

3.5 4 4.5 5 5.5 6
-5.6

-5.4

-5.2

-5

x 10
-3

Time [hr]

 

 



128 

 

different temperature difference. Then, the moveable optics was relocated to another sample and 

the entire cycle was repeated. 

During the thermal time period, the influence of diffusion due to thermal gradients on the 

refractive index is negligible because the effect of the thermal contrast factor is two orders of 

magnitude larger than that of the concentration contrast factor [131,152,153]. In addition, there is 

a characteristic diffusion time that is similar to the thermal time as it is also a function of the cell 

length:
2

C

L

D
   , where D is the smallest eigenvalue of the diffusion matrix. By definition, at 

the end of the diffusion time the linear separation of species has been reached. Although 12 

hours of thermodiffusion time was not enough for an alcohol mixture of water-isopropanol to 

reach steady state, the diffusion time in this series of experiments was at most 6 hours, as shown 

in Figure  8-6. The first part of this figure illustrates the separation of the alcohol mixture that 

shows noticeable separation and slope of concentration variation at the end of the diffusion time. 

One can compare the value of the separation after 12 h and 24 h, which shows noticeable 

underestimation of the Soret coefficient at 12 h, implying that it had not yet reached steady state. 

However, the second part demonstrates intensive small fluctuations during the last 2 hours of the 

separation phase that are caused by optical measurement error sources.  

 Equations Development to Study the Ternary System 8.4

The diffusive mass transport in a ternary mixture in the presence of a temperature gradient is 

described by three fluxes: one as a result of the temperature difference and two independent mass 

fluxes. There is no need to define the third mass flux for the last component because the final 

closing relation describes the third mass flux completely. Given, i = 1, 2, and 3, the mass fluxes 

along the direction of the thermal gradient are given by the equations in below: 
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where ρ donates the density of the mixture, ci shows the mass fraction of the i
th

 component, Dii is 

the pure diffusion coefficients, with i ≠ j the cross diffusion coefficients in porous media and
,T i

D

represents the thermodiffusion coefficients of the components in the ternary mixture. Mass 

conservation equations, with previous phenomenological equations as well as the assumption of 

the convection less regime, allow writing of the following equations that govern the time 

evolution of the component concentration along the thermal gradient:  

If one neglects the cross-diffusion coefficients in comparison with the pure diffusion 

coefficients, the concentration difference between the hot and cold sides of each component can 

be simplified and rewritten as a function of time, as given below: 

where L is the length of diffusion. 1

1

1

1

T
TS

D

D
 and 2

2

2

2

T
TS

D

D
 represent Soret coefficients of the 

ternary mixture. Using only one laser source provides one equation, as below, that has two 

unknowns during the diffusion time: 1ΔC and 2ΔC . 
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where,  Δ ,T x y and  1Δ ,C x y  are the temperature and concentration changes at the point 

(x,y), respectively. ( / )n T  , which is generally two orders of magnitude smaller than the 

concentration contrast factor.  

For example,  
0 0 23

2 1 , , ,p T C
n c


  means the rate of change of the refractive index with a change in 

the concentration of the first component in the condition of initial pressure, temperature, and 

constant mass fraction of the third component while the second laser is being used. 

Consequently, it is almost impossible to solve two unknowns with one equation. Because of this 

limitation, a second laser source of different wavelength, with specific kinetics for each 

wavelength, makes it possible to obtain 1ΔC and 2ΔC . It is noted that C in this work 

represents the maximum separation between hot and cold sides. 

By adjusting the amplitudes of the each laser and combining this obtained data with the values of 

the pure diffusion coefficients, it is be possible to calculate 1TD and 2TD . In this case, because 

the diffusion matrix of the mixture with this specific composition may not be found in literature, 

these coefficients had to be estimated using the same experiment itself. Either the results of the 

second phase of the experiment in an isothermal condition or curve fitting using the analytical 

solutions could be used to calculate the coefficients. Thus, the calculation of the diffusion 

coefficients deals with at least four to six unknown parameters that need to be estimated using 

curve-fitting methods. 

 Data Processing Methodology for Ternary System 8.5

The governing principle that is used in this study is a combination of different Fourier Transform 

techniques. As illustrated in Figure  8-7, the procedure established for image processing is as 

follows: after downloading the raw data and converting both MR and MN binary files to digital 

bitmap images (see Figure  8-7a,b), each image is first subjected to resizing, cropping and then 

applying the phase extraction method. 
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8.5.1 Image Processing Procedure 

As described earlier, there are two lasers with different wavelengths (670 nm and 935 nm) inside 

the moving bridge. The images that are taken by the laser with 670nm  are called MR and 

those with 935nm  are called MN. In the case of ternary systems, in each loop of image 

processing, four images must be considered simultaneously.  

Figure  8-7: Principle scheme of  Fourier Transform image processing technique to analyze optical 

digital interferometry of a ternary system (a,b) Converted binary MR and MN lasers data, (c,e) 

Cropped MR and MN reference images, (d,f) Cropped current MR and MN images, (g,h,i,j) Two 

dimensional FFT magnitude of image in parts c,d,e and f, (k,l,m,n) Inversed 2D FFT magnitude 

of filtered image in parts g,h,i and j, (o) Subtracted MR and MN images from reference images, 

(q,r) Unwrapped phase images, (s,t: Refractive index profiles of MR and MN lasers, (u,v,w) 

Concentration contours of C12, IBB and THN respectively, (x) Filter mask, (y) Temperature 

contour.  
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Two references that remain without any change until the end of the process are employed on 

normalizing MR and MN images separately. See Figure  8-7c,e which shows representative MR 

and MN reference images, respectively. In addition to these two reference images, one MR and 

one MN image are processed in each loop as shown in Figure  8-7d,f, respectively. Then the two-

dimensional Fourier transform has been applied to all of the fringe image, as illustrated in 

Figure  8-7g,h,i,j. A basic schematic sketch of the rectangular band filter is demonstrated in 

Figure  8-7x. A similar procedure is applied to the reference images to evaluate ( , ), ref refx y t . 

Next, reference images are used by subtracting the concurrent MR or MN image from its 

reference image, which results a wrapped phase difference map. Thus, the phase distribution can 

expressed as follows by the subtraction of the phase of the i
th

 image from the reference image: 

8.5.2 Calculation of the Change in Refractive Index 

The refractive index distribution leads to a calculation of temperature and concentration variation 

in the cell as well as the difference between the hot and cold sides. The relation between phase 

difference, Δ , and Δn is illustrated below: 

When separation in the mixture has reached a stationary point, in order to have an accurate result 

in this study, the aided Genetic Algorithm (GA) with Fast Robust Discretized Smoothing was 

implemented to find the curve that best fit that of the experimental separation. Results from GA 

accurately estimated the Soret and diffusion coefficients simultaneously with a defined objective 

function. In a steady-state regime, an ideal case where time goes to infinity or reaches the 

diffusion time, the complex differential transient equations of separation can be simplified and 

the Soret coefficient can be calculated as follows: 

Both runs lasted 6 h while possessing a thermal gradient.  
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8.5.3 Experimental accuracy, calculation of temperature and concentration  

8.5.3.1 Accuracy of experiment 

During the first phase of the experiment when there is no temperature difference, ideally, no 

refractive index variation should be observed; however, because of inherent errors in the optical 

system, some fluctuations with a mean value of zero are recorded. These fluctuations present a 

possible error in the measurement.  

As shown in Figure  8-8, the maximum refractive index variation between the hot and cold walls 

is less than 2 x 10
-5

 for the MN laser and 1 x 10
-5

 for the MR laser during the isothermal 

condition. This means that the maximum error of measuring the temperature variation is less 

than 0.08 K for the MN laser, while the MR laser shows a better and more accurate performance 

with maximum error less than 0.04 K. 

8.5.3.2 Temperature profile 

During thermal time, that is, less than seven minutes for most hydrocarbon mixtures, it might be 

an accurate assumption that the change in refractive index represents the temperature change in 

the domain and therefore the effect of component movement in the mixture can be neglected. 

Nevertheless, because thermal time is intensively smaller than diffusion time (about six hours in 

this case), ignoring two or three minutes may not change the final concentration result at the end 

of diffusion time. Consequently, during thermal time, Equations  8-10 and  8-11 might be 

rewritten as follows: 

Accordingly, the temperature profile in the system can be measured with both lasers separately. 

These two temperature profiles can be compared to show identical variation of temperature 

profiles captured by the optical system. 
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8.5.3.3 Concentration profile 

Initially, the system is in a homogeneous condition and after applying, a temperature gradient the 

homogeneous condition disturbs. From the images recorded during the first thermal time, the 

temperature field can be determined, and according to the theory of heat transfer in the liquid 

system, the temperature profile will not change after thermal time. Consequently, any derivative 

of temperature is equal to zero and Equations  8-10 and  8-11 can be rewritten as follows: 

So, the mass fraction of the first two components can be calculated as follows: 

 Results and Discussion 8.6

The main objective in this chapter is not only to investigate the separation of the components 

toward different walls and measure the Soret coefficients, but also to study the quality of the 

SODI apparatus during the thermal and diffusion time to determine the accuracy of the 

measurement of the thermodiffusion phenomenon using the SODI facilities. For this purpose, the 

behavior of the mixture is studied inside the cavity domain at different locations and as a 

function of time close to both the hot and cold walls. 

8.6.1 Refractive index variation 

Figure  8-8 shows the maximum refractive index variation between the hot and cold walls. The 

most important fact that can be deduced from this figure is the similar smooth behavior of the 

MN and MR lasers. In addition to this similarity, if one considers the slight differences in the 

contrast factors between these two lasers, differences found in the analysis of the data provide a 
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sensitive measurement of thermodiffusion separation in the ternary system. In other words, using 

two lasers must result in two independent equations, with both equations requiring an accurate 

measurement to distinguish the slight difference between MR and MN beams precisely.  

 

Figure  8-8: Refractive index difference between hot and cold walls versus time during 

isothermal, thermal and diffusion conditions 

Nevertheless, because of using the precision application, which has been developed to analyze 

the thermodiffusion experiment by means of MZI images and a combination of different Fourier 

methods, the difference between refractive indices is detected (see magnified plots at the center 

of Figure  8-8). It must be noted that although this difference is well identified during the 

thermodiffusion phase, after removing the temperature gradient there are more fluctuations that 

prevent distinction between the two curves of refractive index variations from each other, 

especially at several special times such as the period between 420 min and 430 min. This conflict 

results in large variations in the concentration calculation in the domain 

8.6.2 Temperature variation 

A linear variation in the thermal gradient is reached in the cavity at the end of thermal time. 

Liquid properties and the contrast factor at the mean temperature of 298 K are used to measure 

the temperature field in the cavity at each pixel of the image. The image yields more than one 

million data points across the cavity, which has a side area of 0.5 cm
2
. It is vital to consider the 

separation as soon as a linear temperature gradient is achieved between the two walls. Figure  8-9 

shows the temperature near the top and bottom walls at 120 s, before applying the temperature 
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gradient, until the end of thermal time at 200 s. When calculating the temperature field in the 

cavity experimentally, there were a number of notable points. First, the maximum temperature 

variation between the hot and cold walls was 8.3 K in both Run7 and Run12, but Peltier elements 

inside the copper plates of the cell array recorded a 10 K difference using the thermal controller 

system of the apparatus. 

 

Figure  8-9:Temperature difference between hot and cold sides during thermal time  

This difference results from cropping of the images. Cropping the initial images removes the 

regions where the liquid is in contact with the copper blocks. Inside these areas, optical signals 

are damaged by a defective alignment of the experimental cell with the optical axis of the 

interferometer, yielding the reflection of the laser beam from the metal surface [95]. In this 

study, five percent of pixels that were close to the top and bottom sides of the cavity were 

removed. However, 90 percent of the height of the cavity with a linear variation of temperature 

at the end of thermal time should achieve a temperature difference close to 9 K. But, measuring 

the temperature difference experimentally shows that the maximum difference between the hot 

and cold walls is less than 8.5 K. Thus, using the Peltier elements to measure the Soret effect 

might provide underestimated Soret coefficients, because maximum separation is a strong 

function of the temperature gradient. Moreover, it can be observed that both MR and MN lasers 
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in both cases provide their temperature results versus time with less than a 0.07 K difference. 

This shows a high accuracy and repeatability of the thermal part of the DSC experiments if all 

properties of the mixture are measured optically. The maximum error in measurement of the 

temperature variation is less than 0.1 K for both wavelengths. This shows the accuracy of this 

experiment for in both the stability of the temperature variation and its measurement. 

Figure  8-10 shows that temperature variations along the direction of the thermal gradient and at 

the middle of the cavity occur at different times during the thermal-time period. After the thermal 

time, the curvature of temperature variation along the temperature gradient direction reaches a 

linear distribution. The curves show identical behaviors of the temperature variation occur at 

different times for both runs. Figure  8-11 illustrates the temperature field inside the cell at 

different times.  

The approximate linear variation of the temperature in the cell between the cold and hot sides 

can also be perceived. When the temperature difference is applied to the cell, important 

deformations of the interference pattern are observed, as shown in Figure  8-11. The temperature 

field in the liquid measured optically, shows that the thermal controller of the setup induces the 

development of convection in the liquid as long as a temperature gradient exits across the cell. 

This convection occurs mainly because the heat fluxes close to the glass walls of the cell where 

the heat transfer occurs is supposed to insulate the wall. This phenomenon can be recorded by 

  

(a) MR laser (b) MN laser 

Figure  8-10: Temperature variation between hot and cold walls of Run7 
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observing the phase image after thermal time in general or by subtracting two continuous phase 

images immediately after thermal time (three minutes after applying temperature) Figure  8-12. 

  

(a) after 1 sec (b) after 5 sec 

  

(c) after 41 sec (d) after 133 sec 

Figure  8-11: Temperature profiles at different times during thermal time, Run12 

This interesting observation is clearly shown in Figure  8-12a,b, where numerous bent 2  bands 

are visible close to the lateral walls. These bands should be linear and parallel to the horizontal 

walls; however, as a result of heat fluxes close to lateral walls the parallel phase map is 

diminished. These curved bands can change the direction of the heat flux and the point along the 

lateral walls where the zero heat flux exits. Along the top half of the bands that are close to both 

lateral walls, it is apparent that each band near the wall has a lower amount of heat transfer 

(darker shade in Figure  8-12) and toward the inside of the cell there is a higher amount of heat 

transfer (lighter shade in Figure  8-12). 

   

(a) Phase after 1sec  (b) Phase after 6hr  (c) Phase difference of first 

and last phase 

Figure  8-12: Phase and phase difference distributions in the cavity at different times during 

thermal time, Run12  

In other words, there is a gradient in the amount of heat transfer from lower to higher close to the 

lateral wall in the upper half of the cell. Moreover, a completely different pattern of heat transfer 

can be observed at the bottom half of the cavity close to the lateral wall, where the heat transfer 
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gradient moves from high to low from the glass walls toward the middle of the cell. This means 

heat transfers from outside the cell near the lateral boundaries, toward the middle of the cavity. 

Moreover, the point along the vertical walls where the gradient behavior from low to high 

changes to high to low is the only point with zero heat flux on the lateral walls. While these facts 

do not change the thermal performance of the apparatus greatly, it is important not to consider a 

completely insulated condition close to the lateral walls for further experimental or numerical 

analysis. In order to measure the separation or concentration contour, it is required to crop and 

consider the region far from the areas where heat fluxes induce small convection cells near the 

lateral boundaries. 

Thermal conductivity of the O‐rings that are shown in Figure  8-5 causes the slight lateral 

deformation of the temperature field visible in Figure  8-12. This effect had been observed in 

previous studies of the SODI facilities [114,120,152]. From the internal side of the O-rings, the 

small gap between the copper and quartz was filled by the working liquid. On the external side, 

the gap was filled by surrounding gas that acts as a poor heat conductor [114,120,152]. 

Consequently, the largest thermal gradient arises at the corners, due to the relatively high heat 

conductivity of the rubber sealing and surrounding regions. This is shown in detail in 

Figure  8-11d. 

8.6.3 Diffusion Time and Concentration Profile 

Despite the nonlinear temperature variation at the corners, taking the reference image at the end 

of thermal time (Figure  8-12a) and subtracting the image at the end of the thermodiffusion phase 

(Figure  8-12b), the influence of heat fluxes could be removed from the domain (see 

Figure  8-12c). On the other hand, because of the nonlinear temperature distribution at the 

corners, a nonlinear phase map resulted, as shown in Figure  8-12c. 

This map illustrates some deviance from pure separation close to the lateral walls. In order to 

ignore this part of the cell in the Soret coefficient measurements, all images were re-cropped and 

processed such that only the middle part of the cell is considered for the estimation. The 

maximum concentration difference corresponds to both cases can be extracted from the chart 

shown in Figure  8-13. The smooth pattern of separation of THN toward the cold side of the cell 

versus time is characteristic of a positive Soret effect and is consistent in both Run7 and Run12. 
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There was almost identical separation observed for IBB, although it separates toward the hot 

wall and shows a negative Soret effect. While there are some fluctuations in the separation of 

IBB in Run7 after two hours of the thermodiffusion phase, the separation of C12 behaves 

identically for both runs. 

 

Figure  8-13: Separation between hot and cold sides during thermo-diffusion 

time  

 

The separation magnitude of both THN and IBB are similar, while a closer examination of the 

results in Table 16 reveals that the separation of THN is stronger. This means that the third 

component moves toward the hot side weakly. Despite this weaker separation of C12, which can 

be barely detected by MZI, C12 shows a negative thermodiffusion coefficient in this mixture at a 
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Figure  8-14: THN concentration variation between hot and cold walls at various times 
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mean temperature of 298 K. The similar the separation of the components for both runs 

demonstrates the repeatability and accuracy of digital optical interferometry not only to calculate 

Soret coefficients for binary systems, but also to measure them in ternary systems.Figure  8-14 

and Figure  8-15 show the concentration variations of THN and IBB, respectively, along the 

direction of the thermal gradient at the middle of the cavity at several times during the diffusion 

period corresponding to four runs. 

  

 

(a) Run7 (b) Run12 

Figure  8-15: IBB concentration variation between hot and cold walls at various times 

This figure compares the quality of separation inside the cell far from the boundaries at various 

times. Despite the small amount of separation during the first hour of the thermodiffusion phase, 

the separation starts close to the hot and cold walls with a linear separation variation from the top 

to the bottom of the cavity. This is observed in both runs. It can be concluded that the ISS 

provides a suitable environment for this experiment. 

    

(a) after 30min (b)after 75min (c) after 3.5h (d) after 6h 

Figure  8-16: THN concentration at different times, Run12  
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According to Figure  8-14 and Figure  8-15, after four to five hours at steady state, a stable 

separation is achieved. Thus, as shown in Figure  8-6, in contrast with the IVIDIL experiments, 

which needed more than 22 h to attain a linear variation of separation at a steady-state condition 

and 12 h devoted for thermodiffusion, enough time was provide for the thermodiffusion phase in 

the present study. The measurement of ternary mixture via MZI is highly sensitive to errors for a 

few reasons. First is the weak separation of one of the components. As a result of this small 

separation, a small processing error always arises. The second reason is the close performance 

and contrast factors of the MN and MR laser for this test mixture, which required the use of a 

sensitive image processing procedure. 

    

(a) after 30min (b)after 75min (c) after 3.5h (d) after 6h 

Figure  8-17: IBB concentration profiles  in the cavity at different times during diffusion time, 

Run12 

The measurement of ternary mixture via MZI is highly sensitive to errors for a few reasons. First 

is the weak separation of one of the components. As a result of this small separation, a small 

processing error always arises. The second reason is the close performance and contrast factors 

of the MN and MR laser for this test mixture, which required the use of a sensitive image 

processing procedure.  

The third is the image processing calculation error. In this study, one the most accurate 

processing methods was employed to analyze the experiment, but it is impossible to remove the 

calculation error for these runs when the separation is close to zero. The last reason is the quality 

of the images, which are not as good as those from the IVIDIL experiment, as a result of having 

dust on the front glass that disturbs a clear view of the cell. Figure  8-16 and Figure  8-17 show 

concentration contours of THN and IBB, respectively, during thermodiffusion time. Visible 

separation of THN is evident after 30 min; however, as Figure  8-16a shows, there is a mostly 

uniform concentration of IBB in the domain. Thus, a noticeable IBB separation starts with a 

delay in comparison with THN. As discussed earlier, the separation starts near the cold and hot 
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walls, while after some time separation occurs far from the boundaries and dominates the 

separation close to the walls. 

 

Figure  8-18: Transient experimental separations of  Run12, associated with best fitted curve 

Regardless of the weak amount of separation of THN and IBB during the first two hours of the 

experiments, after this time there is noticeable separation of these two components, as shown in 

Figure  8-16d and Figure  8-17b. As shown in Table 15, the lighter component moves toward the 

cold side. While the molecular mass of THN and IBB are close, the heavier one, IBB, 

experienced a separation toward the hot side. Finally, THN, which has an intermediate molecular 

mass, strongly separated toward the cold wall. 

8.6.4 Soret Coefficient, ST 

In contrast with binary mixtures, there are limited analyses done in cases in which multi-

component mixtures are considered. According to the literature, this is the first time that Soret 

coefficients of this mixture with this specific composition have been reported. Thus the Soret 

coefficients that were estimated with the GA algorithm for both runs are compared to the 

experimental.  

The values of the Soret coefficients, maximum separations, and other information on Run7 and 

Run12 for this test mixture can be found in Table 16. The values in this table show that both runs 

have similar results with only some small differences. 
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Table 16: DSC Runs7 and 12 experimental results with 10K temperature gradient  onboard ISS
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RUN# THN IBB C12 THN IBB C12 THN IBB C12 MR MN 

Run 7 -6.20 4.89 1.18 8.26 -3.65 -1.75 8.28 -3.71 -1.74 8.29 8.34 

Run12 -5.89 4.70 1.32 7.86 -3.52 -1.79 8.19 -3.68 -1.82 8.33 8.37 

According to the estimated Soret coefficients in both cases, which are presented in Table 16, 

similar values for ST were found for all components at both six hours into steady state and using 

the curve-fitting method. However, the values of GA show a slightly greater value of ST, which 

means that although the steady-state condition is reached; there is still a small ratio of separation 

that separates the components in the system. The average values of Soret coefficients of THN, 

C12, and IBB are reported as -8.24 x 10
-3

, -1.88 x 10
-3

 and -3.69 x 10
-4

,
 
respectively. 

Comparing the GA results with experimental data was performed and the results are shown in 

Figure  8-18. Moreover, the best GA solutions corresponding to these two experimental runs are 

shown plotted versus time in Figure  8-18. It can be seen that these curves coincide well, 

especially for THN and C12, which have a noticeable separation trend. These matched curves 

show the good performance of this method to estimate diffusion coefficients. 

 Conclusions 8.7

The main goal of this chapter, which was to determine the Soret coefficients of THN-IBB-C12 

mixture with initial mass fractions of 0.10, 0.80, and 0.10, respectively, was achieved. The 

accuracy and problems with the quality of the SODI apparatus on board the ISS have been 

discussed. For this purpose, Run7 and Run12, according to the DSC timetable, with a predicted 

10 K temperature difference were analyzed in detail. Mathematical analysis by means of Fourier 

transform image processing and a curve-fitting method using GA are employed to obtain results 

that show an accurate fitting result. 

The collected experimental results of DSC showed a linear temperature field inside the cell, 

particularly in the central section, while slight deformations of the temperature field at the walls 

of the cell were observed. These distortions are caused by several convective cells being 
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generated. These convection cells exist because of heat fluxes close to the lateral walls, which 

should have been insulated in order to prevent the formation of convection cells. It was found 

that measuring the temperature difference experimentally and with MZI has a direct effect on the 

calculated Soret coefficients. Although there are some nonlinear behaviors in the temperature 

gradient at the corners of the domain, they do not affect the linear temperature and separation 

variation at the center of the cell and along the thermal gradient. 

It is shown that despite the IVIDIL experiment, six hours of thermodiffusion time provides 

enough time to reach steady state in the separation of this particular mixture, including a barely 

noticeable amount of separation during the last three hours of the experiment. The 

correspondence between the experimental data and the fitted curves from the genetic algorithm 

that estimated four unknowns simultaneously is observed. Finally, THN with an intermediate 

molecular mass strongly separated toward the cold wall. This proves that the MZI not only 

allows measuring the diffusion coefficients in binary systems with high precision, but it also can 

be used to analyze multicomponent systems. Reaching this goal requires employing different 

lasers not only with different wavelengths but also with different contrast factors on the test 

mixture. Using two lasers with mostly similar properties corresponding to the test mixture was 

the only point that provided difficulties in processing the results. Moreover, the entire calculation 

is a function of the accurate measurement of the contrast factors. In short, the ISS provides a 

suitable environment for this experiment and results of the DSC cell number two were found to 

be clear and reliable. 
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9 Chapter 9: Soret and Diffusion Coefficients Measurement 

of Ternary Mixtures of Dodecane, Isobutylbenzene and 

1,2,3,4-Tetrahydronaphthalene 

 Introduction 9.1

Thermodiffusion or Soret effect is a heat and mass transfer phenomenon in a non-isothermal 

liquid, gas or even solid mixture due to a local temperature gradient[2,63,64]. This phenomenon 

is more pronounced in oil fields, usually due to the porous environment [4,5,41,156]. Oil 

exploration models and simulations, work on million-years scale while improved oil recovery 

models work on decades scale[9]. According to this fact, the impacts of a weak or slow mass 

transfer phenomenon such as thermal diffusion or mass diffusion must be considered in the case 

of thermal gradient existence along an oil reservoir. Thus an accurate and advanced modeling of 

mass diffusion is vital in oil exploration and optimal oil recovery.  

A precise and better understanding of the thermodiffusion phenomena in multi-component 

mixtures results in a more accurate modeling of oil reservoirs and it may reduce the number of 

required wells, which approximately costs about $20 million/well. Before this observation, Soret 

coefficient values were usually ignored in oil recovery investigation [27]. Thermodiffusion also 

has critical applications in environment discovery [11], microfluidic applications [12,13], 

particle motion in microfluid devices[14] and life science sector in the field of DNA studies[15–

17]. 

 Chapter Aims: 9.2

In current chapter, we reported the results of thermodiffusion experiment for a ternary mixture of 

THN-IBB-C12 for five different compositions. The results of this experiment can be used as 

references for the ground base experiments since the level of gravity and induced convection 

inside the cell were minimized and pure thermodiffusion level has been achieved. Twenty cases 

taking more than 200 hr of space experiment are considered here for five different compositions. 
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While the assigned temperature gradient for all cases was 10 K the mean temperature for half of 

the cases was 25 C and for the rest it was 40 C. 

 Mass Fluxes in Ternary Mixture in the Presence of ∆T 9.3

The diffusive mass transport in a ternary mixture along with the application of temperature 

gradient and at constant distribution can be explained by three fluxes: two independent mass 

fluxes (there exits the third component of mass flux but it depends on the first two fluxes) and 

one owing to the temperature difference. The mass flux of any component can be represented 

using three sources of mass flux as follow:

Accordingly, the concentration difference between the hot and cold sides for each component 

can be simplified functions of time, diffusion and Soret coefficient, as follows[27]: 

where τDii is diffusion time. ST,i represents the Soret coefficient of the i
th

 component in the 

ternary mixture.  

 Results and Discussion 9.4

As shown in Figure  9-1, the cell array on-board ISS has six cells. Five of these cells contained 

ternary mixtures at various compositions that are considered and analyzed here and the last cell 
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was assigned for a binary mixture. The percentage of compositions in each cell can be seen in 

Table 17.  

The refractive index, temperature, and concentration variations have been measured inside the 

cells at various locations using Mach-Zehnder Interferometry that provides a large view over the 

whole cell. The goal of this chapter is only to measure the Soret and pure diffusion coefficients 

of these ternary mixtures at various mean temperatures. It is worth noting that comprehensive 

studies on the quality of the SODI apparatus during the thermal and mass diffusion times to 

determine the accuracy of their measurement of thermodiffusion have been done in previous 

chapter. Figure  9-1 illustrates the schedule of the assembled apparatus, which consists of three 

parts. 

The cell array is designed to minimize the heat transfer from lateral sides of the cells; however, 

detailed experimental analysis showed that there exists a strong heat transfer from each lateral 

 

Figure  9-1: Scheme of the assembled equipment along with moving and fix bridge and the 

DSC cell array 
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side of the cells[27,144]. Thus, it is concluded that in order to obtain an accurate measurement of 

Soret effect the region close to lateral walls must be removed from the post processing of the 

result. 

Table 17: Compositions of the ternary mixture in 

different cells inside the cell array

 
Cell Number Initial mass fraction [wt] 

THN IBB C12 

1 10% 10% 80% 

2 10% 80% 10% 

3 80% 10% 10% 

4 45% 10% 45% 

5 40% 20% 40% 

Consequently, only 50 percent of the length of the cell (~5mm) and at the middle region of the 

cell is considered in this study; see Figure  9-2 for more details in which it illustrates the effect of 

lateral heat transfer during first thermal time. 

In addition to cropping from the lateral sides of the image, 90 to 95% of the height of the cell at 

the center of the cell is analyzed. It is because there is a stronger temperature gradient at the 

boundaries; while, having a linear temperature gradient is essential to obtain a pure linear 

variation of concentration. Only in this condition, the Soret coefficient can be measured 

  

 

(a) after one thermal thermal time (b) after ten thermal 

thermal time 

Figure  9-2: General phase maps demonstrating the front view of the cell and also the cropped 

region of the cell 
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accurately. Furthermore, the reflection of the glass and copper block caused wiggly fringes close 

to the boundaries. 

 

Figure  9-3: Refractive index difference between cell walls during the entire experiment for cell 

4 

Here, the fringe pattern can be seen inside the liquid region and the glass parts. In the magnified 

part of Figure  9-2, the stronger temperature gradient close to the cold and hot copper block is 

evident. While the bigger figure map (part a) shows the phase distribution after one thermal time; 

the small figure map (part c at the right and bottom) illustrates the subtracted phase map between 

the reference image (the image which is taken right after thermal time) and phase image taken 

after ten thermal times. The impact of heat transfer from the lateral side is evident in this subplot 

and based on heat losses the green region must be cropped and processed for the entire image to 

measure the concentration variation caused by the Soret effect. 

9.4.1 Refractive Index Measurement 

Figure  9-3 shows the refractive index difference between the hot and cold walls for an 

experimental case of cell 4 with ΔT=10K. While the refractive index measured using both lasers 

shows similar behavior, slight differences exist in their results. For instance, the value of ∆n 
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measured by laser with the wavelength of 670 nm always gives a higher value. This can be 

observed in Figure  9-3 sorely. 

 

 

Figure  9-4: Refractive index difference during five different steps of the experiment which can 

be used for measurement of the concentration and temperature and experimental error depending 

on various periods. 
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Using this small different behaviors of the lasers along with the slight variation of contrast 

factors between these two lasers, the separation in the ternary system for all three components 

can be extracted. It is worthy to note that sometimes these small variations of the laser behaviors 

and contrast factors of the mixture cause sensitive measurement of the Soret coefficient for the 

cases with small amount of separation (> 4×10
-4

). 

In order to obtain the change of refractive index caused by change of temperature and 

concentration, a reference image was selected before application of the thermal gradient and then 

it is subtracted from all images. In other words, subtracting a reference image removes the error 

caused by various sources other than temperature or concentrating variation. To separate the 

changes due to temperature variation from the concentration variation the second reference 

image was chosen at the end of thermal time (180 s). At the end of the thermodiffusion phase, 

the maximum refractive index difference between walls can be seen owing to the maximum 

separation in the domain. By removing the temperature gradient after six hours, another thermal 

time must be considered for the system. All of these pointes (or images) are demonstrated in 

Figure  9-3. After subtracting the first and second references from the result, Figure  9-4 is 

obtained.  

According to Figure  9-4, the experiment duration can be divided into five phaes. First is the 

duration between the first reference and applying temperature gradient (t=25 to 30 min). Result 

of this step ideally should be zero for the entire points in the domain; however, this result 

represents the experimental error of the refractive index measurement using MZI. After applying 

temperature gradient and until the first thermal time is second phase (t=30 to 33 min). The results 

here were used for temperature measurement in the domain. The results between the first thermal 

time and the second one demonstrate the concentration change (t=33 to 388 min), then there is a 

phase for second thermal time (t=388 to 391 min).  

Eventually, the fifth phase would be diffusion phase where there is no temperature gradient. It 

can be seen that the variation during the first phase is at least three orders of magnitude smaller 

than temperature measurement value (phases 2 and 4) and two orders of magnitude smaller than 

thermodiffusion and diffusion steps (phases 3 and 5). This proves the accuracy of the 

measurement on-board ISS. 
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9.4.2 Linear Variation of Temperature along the Height of the Cell 

A linear variation of the temperature along the height of the cell is an essential condition that 

should be examined for the cropped area. In addition, it is vital to consider starting the separation 

as soon as a linear temperature gradient is achieved between the two walls. Theoretically, the 

separation starts when temperature gradient applies. However, since the thermodiffusion process 

is very slow and based on the principles of MZI for measurement of coupled heat and mass 

transfer, this is the best possible time to be considered for starting of the thermodiffusion phase. 

  

(a) laser λ=670nm (b) laser λ=935nm 

Figure  9-5: Temperature along the height of the cell  

Figure  9-5 shows the temperature variation along the height of the cell measured by both laser. 

While both lasers represent identical measurement of the temperature, due to considering 90% of 

the height of the cell lower temperature gradient than 10 K is recorded. Nevertheless, the most 

important fact is the linear variation of the temperature inside the cropped area that can be seen 

in these plots (green lines). 

 It can be realized that the thermal time for this experiment would not exceed more than 150 s or 

at most 3 minutes. Nonetheless, it can be observed that both lasers provided similar temperature 

variation results versus time at the middle of the cell with less than a 0.07 K difference. This 

proves the high accuracy of the thermal part of the apparatus. It must be mentioned that the 
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maximum experimental error in the temperature measurement is less than 0.04 K for both 

wavelengths. 

9.4.3 Temporal Concentration Variation during Thermodiffusion and 

Diffusing phases 

The maximum concentration difference of two components can be measured using the results of 

Figure  9-4. The separation results of IBB and THN for cell 4 with ∆T=10 K are plotted in parts 

Figure  9-6 a and b, respectively. 

 

(a) C12 (b) IBB 

Figure  9-6: Concentration difference between the hot and cold sides for two of the components 

versus time during thermodiffusion and diffusion phases for cell 4 

It is evident that THN has smoothly separated toward the cold side of the cell versus time. It 

results in a positive Soret effect and is consistent for most of the cases that is discussed in detail 

in the next section. There was similar separation for IBB, although it moved toward the hot wall 

and showed a negative Soret effect for all cases. The separation magnitude of both THN and IBB 

were similar, with the separation of THN being slightly stronger. This means that the third 

component separated toward the hot side weakly.  

Despite this weaker separation of C12, which can be barely detected for cells 4 and 5, C12 shows a 

negative thermodiffusion coefficient in this mixture at a mean temperature of 298 K (compare 

maximum separation value of THN and C12 in Figure  9-6 and Figure  9-7) , the same observation 

has been reported for cell 2 in the previous study [27].  
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9.4.4 Soret and Diffusion Coefficients Measurement using GA Curve Fitting 

Method 

Equations  9-4 and  9-5 can be used to estimate ST and D simultaneously by implementing the 

GA. For the ternary mixture, there are four free parameters during the thermodiffusion phase 

(two Soret coefficients and two diffusion coefficients) and also four free parameters during 

diffusion phase (two Soret coefficients and two diffusion coefficients) to be evaluated at each 

iteration of solving the curve-fitting problem. 

 

(a)THN (b)IBB 

Figure  9-7: Concentration difference between the hot and cold side for two of the components 

versus time during thermodiffusion and diffusion phases for cell 3 

The following objective function is used for this purpose; 
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where n denotes the number of images, and t represents the time used to intensify the influence 

of each data point according to the time at which the data is recorded and eventually, Cexp and 

Ccurve are the experimental concentration and  the current fitted curve, respectively. While, 

Figure  9-6 and Figure  9-7 demonstrate the separation of THN and IBB for cell 4 and with ∆T=10 

K during thermodiffusion and diffusion phases; Figure  9-8 shows the concentration difference of 

all three components between the hot and cold sides during thermodiffusion phases for cell 2. 
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The result of curve fitting procedure is also plotted in these figures. Comparing these results with 

temporal experimental data was performed showing good match with experimental trends 

especially for THN and IBB. According to Figure  9-8, after four to five hours, steady-state 

separation was achieved so there is no need of using GA fitting curve; however, Figure  9-6 and 

Figure  9-7 show the noticeable slope of the diagram representing more separation at the end of 

thermodiffusion time. Thus, in general, using a fitting method for estimation of various diffusion 

coefficients is essential for this specific problem. 

9.4.5 Separation of Non-associating Ternary Mixture along the Temperature 

Difference  

Based on best of our knowledge, this is the first time that Soret coefficients of this mixture with 

these specific compositions have been measured (except for composition of cell 2). In addition to 

that, this is a unique study that took advantage of the reduced gravity environment to measure 

Soret coefficient for ternary non-associating mixtures. It can be seen in Figure  9-9, compositions 

are chosen for this series of experiments systematically to present the behavior of Soret 

separation mostly in the regions that the summation of the initial concentration of one or two 

components include more than 80 percent of the final compositions. This means the central 

region in Figure  9-9 must be analyzed separately. The numbers in this figure illustrate the 

 

Figure  9-8: Concentration difference of all three components between the hot and 

cold sides during thermodiffusion phases for cell 2 
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assigned cell number. We can claim that the cases identified with red number should mostly 

compare together and then with cases with green number.  
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Figure  9-9: Ternary map of mass fraction of ternary mixtures tested onboard ISS, numbers 

represent the cell number 

As mentioned before, the measurement of concentration (and not temperature) for any ternary 

system is highly sensitive to measurement of the concentration contrast factors. This fact is not 

true for binary mixture; since the mathematical procedure for calculation of the concentration is 

the same as temperature measurement for binary mixture. For binary mixtures, error in the 

contrast factor measurement has direct effect on measurement of temperature and concentration; 

while, for ternary system two coupled equations should be solved using the contrast factors. In 

this condition, only 10 percent inaccuracy of the measurement of concentration contrast factors 

may drastically affect the final results. This inaccuracy may cause up to 100 percent variation in 

Soret coefficients measurement. Thus, nowadays more and more various precise optical methods 

are being developed to measure contrast factors. On the other hand, there is no doubt in accuracy 

of refractive index measurement inside the cells using MZI owing to the advance image 

processing technique that we used here (WFT) and high precision of the MZI results. 

Consequently, in addition to maximum ∆T, ∆CTHN, ∆CIBB, ∆CC12 and Soret coefficients of the 
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components, we have reported the maximum ∆nth and ∆nC for both lasers, this data points are 

demonstrated in Figure  9-4. 

Table 18: Detail experimental results of thermodiffusion of the ternary mixture onboard ISS 

Case 

# 

Cell 

# 

Tmean 

[C] 

Cropped 

height 

[mm] 

λ1=670nm 

Max 

∆nT×10
3
 

λ1=670nm 

Max 

∆nC×10
4
 

λ2=935nm 

Max 

∆nT×10
3
 

λ2=935nm 

Max 

∆nC×10
4
 

∆CTHN 

×10
3 

[-] 

∆CIBB 

×10
3 

[-] 

∆CC12 

×10
3
[-] 

1  

 

1 

25 4.53 3.54 5.10 3.50 4.93 6.29 -0.30 -5.99 

2 25 4.49 3.53 5.12 3.51 4.92 6.63 -0.53 -6.10 

3 40 4.48 3.41 4.54 3.37 4.39 5.29 -0.28 -5.01 

4 40 4.43 3.32 4.55 3.30 4.40 5.86 -0.90 -4.96 

5  

 

2 

25 4.59 3.80 4.32 3.74 4.19 6.84 -5.57 -1.27 

6 25 4.73 4.16 4.53 4.10 4.38 6.22 -4.73 -1.49 

7 40 4.80 4.24 4.10 4.22 3.93 6.76 -5.26 -1.50 

8 40 4.63 4.04 4.04 3.99 3.87 6.81 -5.36 -1.45 

9  

 

3 

25 4.68 3.97 10.99 3.93 10.69 19.40 -17.30 -2.10 

10 25 4.44 3.75 9.15 3.69 8.90 16.49 -14.36 -2.13 

11 40 4.42 3.83 9.77 3.75 9.49 17.20 -15.70 -1.50 

12 40 4.59 3.97 9.66 3.91 9.50 20.60 -18.74 -1.86 

13  

 

4 

25 4.49 3.98 18.42 3.95 17.96 -1.10 22.80 -21.70 

14 40 4.43 3.47 16.87 3.44 16.38 -1.73 22.72 -20.99 

15 40 4.73 3.99 16.59 3.95 16.11 1.76 18.93 -20.69 

16 40 4.59 3.91 16.39 3.87 15.91 1.95 18.45 -20.40 

17  

 

5 

25 4.59 3.85 16.94 3.84 16.38 2.00 22.20 -24.20 

18 25 4.59 3.84 16.56 3.82 16.13 0.30 22.70 -23.00 

19 40 4.63 4.11 13.06 4.10 12.64 1.14 16.88 -18.02 

20 40 4.79 4.15 14.80 4.13 14.33 1.36 20.20 -21.56 

These four values along with contrast factors can be used to calculate the maximum 

concentration and temperature difference between the cold and hot walls. Thus for the case of 

more accurate measurement of contrast factors in future, the Soret measurement of these ternary 

mixture can be easily adjusted. In this study the contrast factor measured by Galand[95] has been 

used. Eventually, all of the aforementioned parameters are listed in Table 18 for all cases. It 

should be noted that the experiment has been repeated more than four times at each specific 

condition to ensure the repeatability of the experimental results. Here, we reported the results of 

twenty cases presenting ten different conditions. All the measured temperature gradients were 

below the assigned temperature (∆T=10 K), it is mainly because of cropping the fringe domain 

and considering about 4.5 mm of the height. The considered height of the cell is also showed in 
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Table 18. One can see that the results of the similar cases are very close that proves the 

repeatability of the experiment results. 

As indicated earlier, comparing the results of first three cells proves a good understating of the 

separation in multicomponent mixture, when the majority of the cell is filled with only one of the 

components. The first observation for these cases is that the magnitude of the separation for two 

components is noticeably greater than the third one. It may represent that two components 

mostly two of the three components have separated and third one has moved toward the hot or 

cold wall strongly.  

Table 19: Mass transport coefficients of the ternary system measured in microgravity environment 

Cell 

# THN IBB 

C1

2 

Tme

an 

ST, 

THN×103 

ST, 

IBB×103 

ST, 

C12×103 

DTHN×1

010 

DIBB 

×1010 

DC12     

×1010 

1 10 10 80 25 8.33±0.4 -0.42±0.2 -4.37±0.2 
6.72±0.6 1.98±0.6 9.86±0.6 

1 10 10 80 40 7.68±0.4 -0.82±0.3 -3.86±0.3 

2 10 80 10 25 8.57±0.6 -4.85±0.5 -1.78±0.4 
6.71±0.6 5.89±0.6 2.17±0.6 

2 10 80 10 40 8.43±0.3 -3.74±0.2 -1.83±0.2 

3 80 10 10 25 12.78±0.9 -20.12±1.2 -2.76±0.6 
3.91±0.6 1.93±0.6 

0.968±0.

6 3 80 10 10 40 15.07±1.1 -24.11±1.9 -2.37±0.5 

4 45 10 45 25 -0.71±0.6 30.3±0.4 -10.32±0.2 
1.345±0.6 5.22±0.6 5.47±0.6 

4 45 10 45 40 0.88±0.2 24.01±0.3 -9.57±0.2 

5 40 20 40 25 0.64±0.4 16.27±0.3 -11.45±0.4 
5.59±0.6 4.8±0.6 1.06±0.6 

5 40 20 40 40 0.61±0.3 11.78±0.3 -9.86±0.5 

The second fact can be express as follows: the component with maximum initial mass fraction is 

always one of the components that has separated strongly. In all cases, THN separated toward 

the cold side of the cell versus time, which is characteristic of a positive Soret effect. On the 

other hand, IBB and C12 always present negative Soret as they moved toward the hot sides. The 

magnitude of separation for cells 1 and 2 are similar and remarkably lower than cell 3 that 

contained 80% THN. It can be interpreted as strong tendency of the THN to separate when the 

temperature gradient is applied to the mixture. In cell 1 that has maximum mass fraction of C12; 

IBB showed minimum separation and for cell 2, which contained 80 % IBB, C12 showed 

minimum separation. While, results of cell 3 can be used to compare the tendency of separation 

of IBB versus C12; because both of these components have same minor initial mass fractions of 

10 %. In addition to that, both of IBB and C12 showed negative Soret effect in the result of cells 1 

and 2. The results of case 3 show that IBB and THN have been separated strongly. The 
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molecular mass of THN and IBB are close; however, the heavier IBB, experienced a separation 

toward the hot side and THN, which has an intermediate molecular mass, strongly separated 

toward the cold wall. Finally, it can be concluded that the lighter component moved toward the 

cold side. The compositions of the ternary mixture for cell 4 and 5 are similar as mentioned by 

green number in Figure  9-9, consequently the final separation results for both case are similar as 

well; while, it can be seen that by decreasing the initial mass fraction of IBB, the separation of 

the components is more pronounced. A critical observation here is small THN separation toward 

the hot side, in contrast IBB has moved toward the cold side. THN always has separated toward 

the cold wall except for cell at mean temperature of 298 K in which THN weakly separated 

toward the hot side. This observation somehow can be explained using the fact that the molecular 

mass of THN and IBB are close. Consequently, because of this similarity in their physical 

properties, they swapped their role in separation of cell 4 and 5, in which IBB migrated toward 

the cold wall and THN experienced an intensive weak separation. Nevertheless, C12 always 

shows positive Soret coefficient.  

9.4.6 Mass Transport Coefficients of THN, IBB and C12 Mixtures 

According to the results that are provided in Figure  9-6, Figure  9-7 and Figure  9-8 and using 

curve-fitting method, Soret coefficient of the components were measured and reported in Table 

19. It should be noted that the values of curve-fitting method using genetic algorithm showed a 

slightly greater value of ST comparing to the Soret coefficient that is calculated using steady state 

equation. This means that although the steady-state condition is visible after 6 to 8 hours of 

thermodiffusion phase; there still is a small ratio of separation of the components in the system 

(especially for result of cell 3 that have smaller values for D).  

Two last columns of Table 19 represent the pure diffusion coefficients of the ternary mixture and 

not cross diffusion coefficient. The diffusion coefficients in Table 19 show smaller value of D 

for the component that experienced a weak separation. In other words, it can be paraphrased as 

follows: the separation of the component with minimum ∆C started later than separation of other 

components and has a slower speed of separation. In addition, one can see weaker mass diffusion 

coefficient for IBB in comparison with IBB and THN. By comparing the mass diffusion 

coefficients of different mixtures, it is evident that cell 3 with maximum initial mass fraction of 



161 

 

80% THN has the lowest values for D. In contrast, cell 2 that contained 80% C12 has greater 

values of D. This fact is also observable by comparing Figure  9-6 and Figure  9-7. 

9.4.7 Temperature Dependence on Soret Coefficient 

The Soret coefficients of these mixtures were determined in the experimental mean temperature 

of 298.15 K and 313.15 K by means of Mach Zehnder Interferometry. It can be seen that 

changing mean temperature from 298.15 K to 313.15 K does not have a noticeable impact on the 

Soret coefficients. However, few differences can be observed when the mean temperature is 

changed. For instance, the sign of the Soret coefficients for all components has not changed 

except for the mixture in cell 4 (mass fractions of 0.45, 0.10, and 0.45 with respect to THN, IBB 

and C12). In this case the separation of THN was weak. In addition to that, while the impact of 

change of mean temperature on Soret coefficient of THN and C12 is marginal, Soret Coefficients 

of IBB showed a stronger dependency to the mean temperature.  

 Conclusion 9.5

The results of space experiment (DSC experiment that was proposed to analyze the Soret effect 

in the non-associating ternary mixture) are reported in this study. Here, the Soret coefficients and 

pure molecular diffusion coefficients of THN-IBB-C12 mixture for five different initial mass 

fractions have been determined. In order to ensure the quality and repeatability of the experiment 

for each individual case, two repeated cases are provided and processed. The Windowed Fourier 

transform image processing aided with a curve-fitting method and GA were employed to obtain 

the mass transfer coefficients. 

The linear variation of the temperature along the height of the cells has been proved for the 

cropped (or analyzed) region of the fringes. It was shown that six hours of thermodiffusion time 

are sufficient to reach steady-state separation of two cells and other needed more time to get to 

that condition. Requiring more time for separation means smaller value of mass diffusion 

coefficient, which is observed, for the case with 80% initial mass fraction of IBB. On the other 

hand, cell 1 with 80% mass fraction of C12 showed a very fast diffusion process. The values of 

refractive index measurement at the end of each step of the experiment are reported, so the Soret 

coefficient can be re-calculated according to any other measurement of contrast factors.   
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The separation results provoked that heavier component (C12) always moved toward the hot side 

and THN with an intermediate molecular mass separated toward the cold wall for most of the 

cases (except for cell 4 at mean temperature of 298 K). Since the molecular mass of THN and 

IBB are close, IBB in some occasions experienced the separation toward the hot side and in other 

cases; it went through the cold sides (Cell 4 and 5). In the condition that IBB moved toward the 

cold side the separation of THN was relatively weak and close to zero. 

In this ternary mixture, it is observed that the component that filled the majority of the cell has 

separated strongly. In all cases, the magnitude of the separation of two components was similar 

and noticeably higher than the third component. Finally, the impact of mean temperature of the 

Soret coefficient of the mixture has been analyzed. We observed no noticeable change of Soret 

and diffusion coefficient due to change of mean temperature from 298.15 K to 313.15 K for 

these non-associating hydrocarbon mixtures. Nevertheless, it should be noted that only for THN 

at the condition of low separation and IBB, a slight change of Soret coefficients was detected. 
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10 Chapter 10: Conclusions, and Future Works 

In this thesis, the Soret diffusion coefficients and diffusion coefficients of two binary mixtures 

and five ternary mixtures have been measured. In order to conduct this measurement, an advance 

image processing technique has been developed. New experimental models were proposed to 

measure the experimental thermal time for the MZI experiment and to measure the diffusion 

coefficients of ternary mixture. 

 Thesis Contributions 10.1

The contributions of this research can be summarized as followings: 

1) Enhancement of the 2-D Fourier and 2-D phase unwrapping analysis for 

interferometry experiments to study thermodiffusion phenomenon. 

2) Implementation of the windowed Fourier transform method, Genetic algorithm and 

fast robust smoothing function to analyze the optical digital interferometry 

experiments that deals with heat and mass transfer thermodiffusion interferometry 

experiments for the first time. It has a robust methodology to calculate mass transfer 

coefficients. The developed software incorporates analytical solutions and CFD code 

of this problem. 

3) Development of an application for processing the MZI results for windows and MAC 

users along with a graphical user interface (GUI). While similar applications can be 

found, this is the first application, which is specified for analyzing the heat and mass 

transfer in binary or ternary mixtures. 

4) Design and development of a robust methodology to estimate, calculate and measure 

the accurate thermal time for the MZI experiments. In this method, the EA method and 

fast robust smoothing method are used for the first time to analyze the results of the 

Soret experiment. 

5) Design and development of a robust methodology to estimate, calculate and measure 

the Soret and diffusion coefficients for binary and ternary mixtures based on MZI 

experiments. 



164 

 

6) Visualizing and measuring the impacts of the force vibration on the mass transfer due 

to Soret effect. Since the SODI apparatus provide two different views of the cell, the 

temperature and concentration profiles inside the cell can be obtained for two 

perpendicular plates (views). This means the ability to visualize the convection cells 

and the flow pattern in the cell caused by external vibrations.  

7) Detailed heat and mass transfer analysis for the two series of the experiments on-board 

international space station (ISS) under SODI facilities and measurement of the Soret 

and diffusion coefficients of the binary and ternary mixtures. 

  Thesis Conclusions 10.2

10.2.1 Development of a Model to Study the Thermodiffusion using MZI 

A new formulation to calculate the thermal relaxation time for the Soret effect experiment by 

means of Mach-Zehnder interferometry was proposed for the negative Soret effect, and an 

experimental approach was provided for measurement in the case of the positive Soret effect. For 

both negative and positive Soret effects, it was demonstrated that the precise thermal time for 

MZI must not exceed more than 40 % of L
2
/ χ. It was proved that for a thermal time equal to L

2
/ 

χ, about 10 % underestimation in the measurement of the Soret is observed. We also introduced 

an iterative optimization method to correct the final values of the Soret coefficient and the 

maximum separation when L
2
/ χ is assumed as the thermal time for MZI thermodiffusion 

experiments. 

A new experimental method to measure the pure and cross diffusion coefficients of any 

transparent liquid mixture using Mach-Zehnder interferometry is proposed. The essential post-

processing procedure that was required to extract the diffusion matrix from the fringe images is 

provided in detail. The Soret phenomenon was used as the driving force to initiate the 

concentration variation at the beginning of the diffusion process. The analytical solution of the 

diffusion mass transfer in a ternary system along with an optimization method using an 

evolutionary algorithm was employed to estimate the values of the diffusion matrix. The purpose 

of this technique was examined versus the experimental results obtained on-board ISS. Finally, 
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the advantages and limitations of this technique were discussed and the essential 

recommendations were made to minimize the influences of the limitations that were pointed out. 

The application of the two-dimensional Windowed Fourier Transform (WFT) for 

thermodiffusion interferometry experiments were investigated for the first time. It is shown that 

if WFT parameters are properly chosen, it can significantly reduce the wiggles from the fringe 

pattern of an MZI thermodiffusion experiment. The FFT method gives a reliable measurement of 

temperature for such a problem when a large thermal gradient (~5K) exists between the cold and 

hot walls and when it is not essential to record precisely the temperature variations at different 

points in the domain. Results show that the WFT noticeably improves the measurement of 

concentration. This improvement is more evident when dealing with very small variations in 

ternary systems. More precisely, the FFT fails to extract a reasonable concentration profile for 

the ternary system. It is concluded that when the maximum separation in the domain is less than 

0.003 [wt], results of the FFT method are not reliable and may introduce more than 40% error in 

the measurements. 

10.2.2 Heat Transfer Analysis of the MZI Experiment for Space Experiment 

The sensitivity of the temperature measurement using MZI for these experiments is 

approximately 10
-3

 K according to the current image processing techniques. This means that 

stronger fluctuations in temperature profile were not triggered by optical or post-processing 

errors. Despite relatively inferior performance of the IVIDIL thermal controller unit at ΔT = 0, 

temperature fields inside cell 2 showed a uniform temperature field after the application of the 

temperature gradient (consisting of temperature variations of less than 0.02 K). The optical 

temperature measurement proved the sensitivity of the controller unit before applying the 

temperature gradient; however, it also showed the accuracy of unit when ΔT > 0. When ΔT = 0, 

the temperature variation at the middle of cell 1 causes a high temperature gradient close to the 

walls; however, at the central region of the cell, the variation of the temperature was less than 

0.05 K. For cell 2 (in the DSC experiment), the combination of the thermal sensor and controller 

unit was more accurate than in case 1 for the measurement with the larger distance between the 

thermal sensors. The heat flux close to the lateral walls of the DSC cell was stronger than that the 
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IVIDIL case, because in addition to insufficient insulation, a linear variation of heat fluxes from 

cold wall to hot wall was not observed. 

10.2.3  Experimental Study on Impacts of Thermogravitational Flow on Heat 

and Mass Transfer 

The steady temperature difference between the hot and cold sides, measured optically, differed 

between 6% and 11% from the value reported by the thermal controller unit. Moreover, it was 

demonstrated that the fringe pattern close to the lateral walls of cell 2 should be cropped before 

processing the results. The measured ST using the optical temperature results provides a better 

agreement with the benchmark value and the previously known optical beam deflection results 

within a 3% deviation; however, using the thermal sensor temperature difference provided about 

10% deviation from the benchmark value. 

The impacts of various selective forced vibration levels and fixed temperature gradients on the 

measurement of thermodiffusion are determined. The results were compared with the analytical 

trends in the convection-free regime without any forced or g-jitter vibration using benchmark 

values of diffusion coefficients. Results revealed maximum separation for the case with the 

minimum Rayleigh number; however, a linear relationship between vibrational Rayleigh number 

and maximum separation was not found. The influence of vibrations on flow patterns caused 

completely different separation profiles at high Gershuni numbers. For Gs higher than a critical 

value, the effect of an increase in the vibration level decreased, and a linear decrement in 

separation was detected. While most of the runs reached a steady-state condition before the end 

of diffusion time, the run with the smallest Gs required more time to reach this condition. 

Finally, it was shown that the ISS provides a suitable environment for this experiment, and the 

results of the IVIDIL experiments are consistent and can be used as a reference to validate 

experiments under the Earth gravity existence conditions. 

10.2.4  Measurement of the Mass transfer Coefficients of Binary and Ternary 

Mixtures 

The Soret coefficients and pure molecular diffusion coefficients of THN-IBB-C12 mixture at 

five different initial mass fractions have been determined. In order to ensure the quality and 
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repeatability of the experiment for each individual case two repeated cases are provided and 

processed. 

The linear variation of the temperature along the height of the cells has been observed for the 

cropped (or analyzed) region of the fringes. It was shown that six hours of thermodiffusion time 

is sufficient to reach steady-state separation of two cells while others needed more time to get to 

the same condition. Requiring longer time for separation means smaller value of mass diffusion 

coefficient, which is observed for the case with 80% initial mass fraction of IBB. On the other 

hand, cell 1 with 80% mass fraction of C12 showed a very fast diffusion process. The values of 

refractive index measurement at the end of each step of the experiment are reported, so the Soret 

coefficient can be re-calculated according to any other measurement of contrast factors. 

The separation results provoked that heavier component (C12) always moved toward the hot side 

and THN with an intermediate molecular mass separated toward the cold wall for most of the 

cases (except for cell 4 at mean temperature of 298 K). Since the molecular mass of THN and 

IBB are close, IBB in some occasions experienced the separation toward the hot side and in 

others, it went through the cold sides (Cell 4 and 5). In the condition that IBB moved toward the 

cold side the separation of THN was relatively weak and close to zero. 

In this ternary mixture, it is observed that the component that filled the majority of the cell has 

separated strongly. In all cases, the magnitude of the separation of two components was similar 

and noticeably higher than the third component. Finally, the impact of mean temperature of the 

Soret coefficient of the mixture has been analyzed. We observed no noticeable change of Soret 

and diffusion coefficients due to change of mean temperature from 298.15 K to 313.15 K for this 

non-associating hydrocarbon mixtures. Nevertheless, it should be noted that only for THN at the 

condition of low separation and IBB a slight change of Soret coefficients has been detected. 

  Future Work 10.3

While in this study, for the first time the mass transport coefficients of a ternary are measured 

using Mach Zehnder interferometry setup in reduced gravity environment; this experiment must 

be repeated for other non-associating and associating ternary mixtures to have enough 
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experimental data. Having these experimental results guides to develop a theoretical model, this 

fairly predicts the mass transfer coefficient for binary and ternary mixtures. 

Many numerical analyses have studied the impact of force vibration on the heat and mass 

transfer in the presence of the Soret effect; however, no direct comparison between the 

experimental results in the rescued gravity environment and the direct numerical simulation of 

the problem has been conducted. 

The only available model to study the impact of force vibration on thermodiffusion experiment is 

introduced by Gershuni. He proposed a non-dimensional number based on Rayleigh number, 

which represents the strength of the induced convection caused by temperature gradient and 

oscillatory vibration (thermogravitational flow). Nonetheless, this number is not function of any 

mass transfer properties of the mixture and it cannot implicitly represent the impact of force 

vibration on the mass transfer due to the Soret effect. Consequently, a new model must be 

developed that describes the impact of the oscillatory vibration/acceleration on mass transfer due 

to thermodiffusion phenomenon. 

Numerous studies have claimed the optical impact of glass is one of the main sources of 

uncertainly in the MZI experiment; while, this effect must be determined accurately with a firm 

model that can be applied for other experimental cases. 

In this work along with many other studies, the uncertainties of this optical experiment have been 

addressed in general. While no specific work is dedicated to the uncertainties of the MZI 

experiment for the thermodiffusion experiment.  
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3- Ahadi, Amirhossein, Saghir, M. Z. New Experimental Method to Measure Pure and Cross 

Diffusion Coefficients of Transparent Ternary Mixtures Using Mach-Zehnder Interferometry, 

Optics and Lasers in Engineering (2014). IF=2.12 
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Essential Digital Interferometry Tool to Study Coupled Heat and Mass Transfer. Optics & Laser 
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9- Ahadi, Amirhossein, Kianian, A., & Saghir, M. Z. Heat and mass transport phenomena under 

influence of vibration using a new aided image processing approach (2013). International Journal 
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vehicles on mixture during thermodiffusion experiment (2013). Microgravity Science and 
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