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Abstract 

EXPERIMENTAL INVESTIGATION OF THERMAL DIFFUSION IN 

BINARY AND TERNARY HYDROCARBON MIXTURES 

 

Doctor of Philosophy, Mechanical Engineering, Ryerson University, January 2016 

Seyyed Arash Mousavi 

 

In a multi-component liquid mixture, the process of disassociation of the components 

induced by thermal gradient is called thermal diffusion or Soret effect. This effect plays a crucial 

role in separation of the components in hydrocarbon mixtures of oil. Accordingly, the main goal 

of this study is to experimentally investigate the Soret effect in binary and ternary hydrocarbon 

mixtures. Optical interferometry technique with Mach-Zehnder scheme was used to conduct the 

experiments. The interferometry techniques are not intrusive and the separation of the components 

in the mixture is not affected by the measurement instrument. A Soret cell is defined as a cubic 

cavity where the sample mixture is placed in it and, the separation of the components takes place 

in the cell by heating it from the above. Soret cells are used in convectionless experiments and 

natural convections are undesirable. The Soret cell used in space experiments was re-designed and 

optimized for ground-based experiments to avoid the natural convections. Computational studies 

were made on the both cells to obtain the temperature and velocity fields. Then a set of thermal 

diffusion experiments conducted in order to compare the performance of the cells. The results 

shows that the induced convective motions in the second cell are significantly weaker than those 

in the previous cell which is desirable. 

In the next step, the effect of the inclination of the cell on the thermal diffusion was studied. 

First numerical analysis was made to find the velocity and temperature fields in different 

inclinations and then a set of experiments was performed and the concentration distribution of the 

components in a binary mixture in different inclinations of the cell was found. 

Finally, ground based experiments were performed to study the thermal diffusion in five 

ternary hydrocarbon mixtures. Optical interferometry with Mach-Zehnder scheme using two laser 

sources with different wavelengths was used. The Soret information of one of the mixtures is 

available in the literature and this mixture was studied here to validate the present experimental 

setup. The temperature and concentration of the mixtures were measured successfully in the Soret 

cell and a table of the measured Soret coefficient were provided.  
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1. INTRODUCTION 

1.1. INTRODUCTION 

Mass diffusion in isothermal multicomponent mixtures can occur due to the presence of 

the concentration gradient. However, by applying temperature gradient, diffusion takes place even 

in homogenous mixtures with no concentration gradient. This kind of diffusion is called 

thermodiffusion. Although the same phenomenon had already been discovered and described by a 

German scientist named Ludwig [1], Soret [2] later studied this effect in more detail and the 

phenomenon is now named after him. This phenomenon is also known as thermal diffusion, the 

Ludwig-Soret effect, or the Soret effect.  

One of the most important applications of thermal diffusion is in the oil industry where the 

components of hydrocarbon compositions can be separated by applying a temperature gradient, 

causing mass diffusion from the Soret effect [3]. Components of hydrocarbon mixtures in oil 

reservoirs with almost critical temperature and pressure can be separated due to this thermal 

diffusion effect [4]. Using values of the concentration differences and temperature gradients in a 

mixture, the Soret coefficient is calculated, and this coefficient is used to express the thermal 

diffusion in the system. A schematic of a standard Soret cell for convectionless measurement of 

concentration field is shown in Figure 1.1. In this Soret cell, a rectangular cavity is filled by a 

multicomponent mixture, the side walls are adiabatic, and the entire system is at a mean 

temperature of T0. At a given time, a temperature gradient is applied in the vertical direction. The 

top and bottom surfaces play the role of the hot and cold sides, respectively. Diffusive flux in a 

multicomponent system can be induced by a concentration gradient, thermal diffusion, or a 

pressure gradient. In the above system, it is assumed that the pressure gradient is negligible because 

of the sufficiently small height of the experimental setup. Thus, the pressure gradient is ignored. 
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Figure 1.1: Sketch of a standard Soret cell used in convectionless techniques 

The separation of components starts with the application of the temperature gradient. The 

mathematical model describing the process must include coefficients of both mass diffusion 

(concentration based) and thermal diffusion. The diffusive flux of component i in a 

multicomponent mixture with N components is calculated as below[5]: 

1

,

1

1,2,...,
N

i ik k T i

k

J D c D T i N




 
       

 
  (1.1) 

1

1
N

i

i

c



 

(1.2) 

 

Where ci is the mass fraction of component i,   stands for the density, ikD  and TiD  are 

Fick’s mass diffusion and thermal diffusion coefficients, respectively, c  represents the gradient 

of mass fraction induced by thermal diffusion due to the temperature gradient T . There are N-1 

independent mass fluxes. In literature, there is not agreement about the sign of the second term on 

the right hand of Equation (1.1), and some authors choose to give it a negative sign. For binary 

mixtures, Equation (1.1) for component 1 is simplified as follows: 

  1 1 0 01TJ D c D c c T     
 

 

(1.3) 

Thermal diffusion is shown with  0 01TD c c , where c0 is the initial value of the mass 

fraction. Obviously the thermodiffusion effect does not happen in pure fluids. In binary mixtures 

the mass flux is zero (J=0) when the system reaches a steady-state condition. Then Equation (1.3) 

can be shown as: 

1 10 10(1 )TD
c c c T

D
      

 

(1.4) 
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ST is called the Soret coefficient and is equal to the ratio of DT over D, which is obtained 

from Equation (1.5). 

1

10 10

1

(1 )
T

c
S

c c T




 
 

 

(1.5) 

By measuring the concentration difference and the corresponding temperature gradient, the 

Soret coefficient is found from Equation (1.5). The calculated ST contains information about the 

diffusion behaviour of the components. In binary mixtures, the negative value of the thermal 

diffusion coefficient or Soret coefficient shows that the chosen reference component i migrates 

towards the hot side of the cell while in ternary and higher mixtures the direction of the component 

migration depends on the values of both the cross diffusion and thermal diffusion coefficients. The 

molecules that travel toward hot side are called thermophilic and the ones that migrate towards the 

cold side are named thermophobic [6]. 

1.2. RESEARCH OBJECTIVES 

The main goal of this thesis was to obtain Soret coefficients of binary and ternary 

hydrocarbon mixtures experimentally by using interferometry setup with Mach-Zehnder 

arrangement. To achieve this goal, thermal analysis was done numerically to re-design and 

optimized the Soret cell used in space experiments. In order to improve the Soret coefficient 

measurement and uncertainty reduction, the geometry of the cell was modified and it was prepared 

for ground-based experiments so the expensive experiments in space can be performed on the 

Earth with cheaper costs. In this dissertation, previous cell means the cell used in space 

experiments. In addition, for the first time, the effect of the inclination of the cell on thermal 

diffusion was investigated numerically and experimentally. Finally, the Soret coefficients of 

ternary hydrocarbon mixtures with five different mass fractions were measured experimentally 

and new values were proposed to establish a benchmark. 

1.3. THESIS ORGANIZATION 

In the first chapter, the introduction of the thesis is presented and the general idea about the 

extraction of Soret coefficient in convection free experiments is presented. In the second chapter, 

the previous studies in field of thermal diffusion are reviewed and different experimental methods 
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to measure the concentration and thermal diffusion are explained and finally the importance of the 

present study is stated. Chapter three gives details about the experimental technique used in this 

study. The optical interferometry as the measurement instrument is explained in details. Two 

different geometries of the Soret cell are explained and compared to each other and the 

experimental procedure is presented. Chapter four describes the factors that affect the optical 

measurement and also thermal diffusion process. The numerical analysis in order to study heat 

transfer in the Soret cell is described. Chapter five deals with the image processing of the captured 

fringe patterns from the interferometry and extracting the information from the images. The error 

analyses is also included in this chapter. Chapter six presents the experimental results for ternary 

mixtures and the validation of the results is discussed. Finally, in chapter seven, conclusions are 

given. Contribution and future works are also presented.  
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2. LITERATURE REVIEW 

2.1. INTRODUCTION 

In 1879 [7], Charles Soret published the first paper discussing the thermal diffusion effect. 

He experimentally found that a uniform composition of a salt solution in a two ended tube exposed 

to a temperature gradient does not remain uniform, and because of the temperature difference 

between the ends of the tube the salt moves towards the cooled end [2]. He performed the 

experiments in two differently shaped tubes: a straight tube and a U-shape tube. One end of the 

tubes was placed in a hot chamber (78 °C) with circulating hot water and the other end was in cold 

water with a temperature of 15-18 °C. The solutions used were NaCl and KNO3 in water. The 

length of the tubes were 30 cm in each experiment, and a typical experiment took 10-25 days. After 

the temperature gradient was held for the experiment length, samples were taken from the upper, 

the middle, and the lower zones of the tube and the concentrations of salt in each zone were 

measured. His results were in agreement with the results obtained by C. Ludwig [1] more than 20 

years before. In all likelihood, however, Soret was probably not aware of Ludwig’s work. 

The order of the absolute value of the Soret coefficient in a liquid composition is 

3 2 1~10 10TS K   , and for a binary mixture with an initial mass fraction of 50% for the 

reference component with a 4 °C temperature gradient, the order of the concentration difference is 

the same as ST. Although this value seems small, the effect at this magnitude is very important and 

has many applications: For example, some natural activities such as convection in stars [8] and the 

physics of solar ponds [9] are affected by the Soret effect. The temperature gradient in the ocean 

leads to thermal diffusion and a salinity gradient that is called thermohaline convection [10]. 

Separation and characterization of polymers occurs mainly due to the thermodiffusion effect [11-

14]. Feld-flow-fractionation devices work based on this phenomenon [15-20], and they are used in 

the separation of bacteria [21, 22], colloidal materials [23, 24], charged particles [25], and others. 

Some studies have been done on the effect of thermodiffusion on the freezing processes of 

foods[26]. Bonner and Sundelof [27] suggested thermodiffusion as a mechanism of biological 
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transport. The determination of biomolecular binding curves [28] and trapping of DNA [29] are 

other examples of biological applications of thermal diffusion. 

2.2. CHAPTER AIMS 

The experimental methods to measure thermal diffusion in mixtures are reviewed in the 

present chapter and the advantages and drawbacks of each method is explained. Moreover, the 

established thermal diffusion benchmark of DCMIX1 for hydrocarbon mixtures is introduced. 

2.3. SORET EXPERIMENTS ON HYDROCARBON MIXTURES 

 One of the most important applications is in the oil industry where the components of 

hydrocarbon compositions can be separated by applying temperature gradients and consequently 

using the Soret effect [30]. Some studies using thermogravitational columns were done by a 

research group to investigate and prove the effectiveness of the Soret effect in oil reservoirs [31-

34]. A sample of two different oil fields were used and it was found that because of temperature 

gradients, components were separated, and then due to the buoyancy force the lighter components 

moved to the top of the mixture.  

Scientists have been studying thermal diffusion in multicomponent mixtures with different 

techniques for several years. The very first step of studying this phenomenon is to study the 

multicomponent mixtures with the minimum number of components. So binary mixtures are the 

first candidates to be tested and an adequate measurement technique must be established to study 

Soret effect in such compositions. Several different methods with different accuracies and 

applicability have been proposed. Basically, experimental techniques to measure Soret coefficients 

can be categorized into two main groups [35]: (a) convective coupling methods and (b) 

convectionless methods. 

In terrestrial condition because of the gravity force, natural convection in a system being 

heated from one side is unavoidable. This sort of convection in a test setup for thermal diffusion 

experiments can mixing back the mixture and prevents the separation of the components. In 1938 

a setup was introduced by Clusius and Dickel [36] that takes advantage of the gravity in 

segregation of the components in a multicomponent mixture. This set up is named thermodiffusion 

column or thermogravitational column (TGC) or Clusius-Dickel column. The general view of a 

thermogravitational column is depicted in Figure 2.1. The original column consisted of two 
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concentric cylinders. The temperature of the inner cylinder was more than the outer one and a 

gaseous mixture was trapped between the two cylinders. Because of thermal diffusion effect some 

components move towards the hot side and some move towards to the cold side. Then the lighter 

components float on top of the heavier ones and a concentration gradient will be established 

between top and bottom of the column. 

 

 
 

 
 

Figure 2.1: thermogravitational column and the scheme of the column [37] 

This first thermogravitational column was designed for gaseous mixtures. Later on more 

modifications were applied to it and it was used for liquid binary mixtures [38, 39]. This technique 

was used in hydrocarbon mixtures for the first time by Danby et al. [40]. Dutrieux et al. [41] found 

Soret coefficient of water-ethanol system using thermogravitational column. More recently, 

Blanco et al. [42] used this technique to measure Soret coefficient of binary hydrocarbon mixtures. 

Costeseque [43] studied thermal diffusion effect in binary hydrocarbon mixtures placed in a 

thermogravitational column packed with porous media. In an innovative investigation by Platten 

et al. [44] effect of the inclination of the column on the separation of components was studied and 

it was shown that by tilting the column the separation increases significantly. The tested mixture 

was water-ethanol. For larger separation, they suggested using longer columns, higher temperature 

difference, and inclination close to an optimal angle. The experimental results are in a good 

agreement with their data obtained from theory as it is shown in Figure 2.2. 
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Figure 2.2: Separation in a thermo gravitational column in different angles. Squares: 

experimental data, Solid lines: theoretical data [44] 

As can be seen in Figure 2.2, at a 25 degree inclination the separation is less than that in 

vertical column (tilt angle= 0), and this was not explained by the authors. After this abnormal point 

the separation starts rising slightly, and between 80 and 90 degrees there is a sudden increase in 

the segregation. 

Saxton et al. [45] designed a two-cell system to perform thermal diffusion measurements. 

A membrane made of an ultrafine porosity fritted glass was used to separate the cells and two 

stirrers were used to make the composition uniform in each cell. The samples were collected form 

the cells separately and analysed in a refractometer. The same results were found for heating from 

the bottom and the top of the system and a certain porosity value was introduced for which a 

threshold of the stirrer speed was established, above which the speed of stirring has no effect on 

the separation. 

In 1962, Turner [46] used a flow cell to run thermal diffusion experiments on aqueous 

solutions. The cell was made of two horizontal plates while the upper and lower plates play the 

role of the hot and cold sides, respectively. Laminar flow of a homogenized mixture passes 

between the plates, and separation occurs due to the temperature gradient between the plates. The 

first designed cell was not accurate for slow flow rates. Later on, Turner et al. [47-49] improved 

the design. The new cell was calibrated with aqueous cadmium sulphate that has a known thermal 

diffusion coefficient. The problem of the previous design was the undesirable convections at low 
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flow rates, which could mix the solution. In the new design, however, the convection effects were 

negligible and therefore it was applicable for a wide range of flow rates. After the calibration, the 

cell was used for organic solutions. 

In convection-free apparatuses, convective disturbances must be avoided. In 1997, 

Vaernbergh and Legros [50] used both the flow cell and a Bénard cell with large aspect ratios 

(width/height) in order to overcome the problem of convective disturbances. Figure 2.3 illustrates 

the cells used in their work. The Bénard cell consists of two horizontal plates with a vertical gap 

of d in between. The gap is filled with the solution, which is heated from below. 

 

Figure 2.3: Flow cell (top) and Bénard cell (bottom) used in [50] 

 

The onset of the convection in a liquid heated from below is estimated by the critical 

Rayleigh number [51]: 

 3 1707.8c

g T
Ra h






   (2.1) 

Where g is the gravity,   is the thermal expansion coefficient,   is thermal diffusivity,   

is kinematic viscosity, and h represents the height of the cell. The threshold of convection in a 

Bénard cell filled with a solution depends on the sign of the corresponding Soret coefficient. In a 

mixture with a positive ST , the denser component moves towards the cold side and convection 

commences with a lower temperature gradient, while in the case of a negative ST , where the denser 



 
10 

component migrates towards the hot side, the convection flow starts with a higher temperature 

difference [50]. Therefore, the Bénard cell is only used for mixtures with negative Soret 

coefficients, because of better stability. 

Giglio and Vendramini [52] introduced a method of using the thermal lens effect in a binary 

mixture to build up a thermally induced concentration gradient (Soret effect). 

The same research group studied thermal diffusion in a classical Soret cell using a beam 

deflection technique (BDT) for the first time [53]. In a BDT set up, the side walls are transparent 

to the laser beams. Deflection of the beam due to the concentration and temperature gradients takes 

place while it passes through the cell [35, 54-56]. A CCD camera is used to detect and image the 

deflected beams, and by processing the captured images, the concentration gradient is measured. 

Thermal diffusion forced Rayleigh scattering (TDFRS) [57] is an optical grating technique 

in the category of the convectionless systems. In this technique, a beam from a laser source is split 

into two beams with equal intensity. Then, the beams intersect and are focused by a lens onto the 

sample. As a result, a holographic interference grating is established. Thanks to an inert dye added 

to the sample, the energy of the light is absorbed and raises the temperature. The established 

periodic temperature profile induces a periodic concentration profile because of the Soret effect. A 

third laser beam reads out this refraction grating, which is created by the temperature and 

concentration profiles. Two contrast factors, n T   and n C  , are used to find the temperature 

and concentration profiles. The small characteristic length in the TDFRS technique, approximately 

10 m , leads to a short relaxation time. However, the experiments must be carried out several 

times, and the final result is the average of the values obtained in each test. 

Shevtsova and Mialdun [58] developed a method of optical digital interferometry (ODI) to 

study thermal diffusion in binary hydrocarbon mixtures. Because of being non-intrusive, ODI is 

one of the most popular methods used to measure Soret coefficients nowadays. This method is 

based on the variation of the index of refraction of the sample in a Soret cell. The schematic of the 

standard Soret cell used in an ODI technique was shown previously in Figure 1.1. The main 

characteristic of the cell used in [58] was similar to the standard Soret cell. The mixture is within 

the cell surrounded by transparent lateral walls and sandwiched between two copper blocks with 

constant temperatures. It was the first report on a method that allows obtaining the temperature 

and concentration fields in the mixture entirely at different times of the experiment transiently. The 



 
11 

transparent cubic cell is initially filled by a homogeneous mixture, and then, by applying a thermal 

gradient between the blocks, the thermal diffusion step starts. Figure 2.4 illustrates the Mach-

Zehnder interferometry (MZI) arrangement utilized in [58]. 

 

Figure 2.4: Schematic of the MZI set-up used in [58] 

A spatial-filter expands the light beam produced by the laser source, and a plano-convex 

lens collimates the expanded beams. Thereafter, the collimated beam passes through a beam 

splitter and is divided into two beams of equal intensity. The Soret cell is installed in one arm of 

the Mach-Zehnder setup while in the second arm the beam passes through an undisturbed 

environment. The refractive index of the mixture changes due to the variation of the temperature 

and the concentration. As a result, the wave-front of the laser beam is modulated. The disturbed 

and undisturbed beams will be recombined and the final wavefront is imaged by a CCD camera. 

By using a 2D fast Fourier transform (FFT) the phase bands of the interferogram are obtained and 

the refractive index variation is calculated from the phase distribution: 

 
( , , )

2
n x z t

L





    (2.2) 

where n is refractive index,   is the wavelength (632.8 nm), and   is the phase. 

Finally, the temperature and concentration distributions are calculated from the refractive 

index distribution. 
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The applied temperature gradient in this work was 10 °C and 5 °C when the mean 

temperature was 25 °C. They found that the temperature profile along the vertical line in the center 

of the cell was almost linear at steady state. However, small non-linearities were observed near the 

top and bottom sides. The concentration profile was also linear in the central profile. Moving away 

from the central part, to the top and bottom sides, however, the linearity decreases (Figure 2.5). It 

was proposed that two effects could cause this problem: first, residual convection due to a 

horizontal temperature gradient, and second, the presence of bubbles. Based on the temperature 

profile along the vertical centerline, the cell could be divided into three regions. The strongest 

convection happened in the top region of the cell, and the concentration in this region was almost 

independent of the height. In the lower region of the cell, although the corner convection was 

reduced, it still disturbed the mixture. The central region of the cell was essentially free from 

convection. Separation of components in this zone happens due to the Soret effect. It was 

discovered that convective flows do not appear in this zone and consequently, it is meaningful to 

measure the transport coefficients in the middle of the cell using the concentration and temperature 

profiles.  

  

(a) (b) 

Figure 2.5: (a) Temperature and (b) concentration profile of a hydrocarbon mixture in 

steady state in [58] 
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The separation continues until the concentration reaches a steady state. At this moment, 

maxc  at the convection-free zone (linear temperature and concentration profiles) and the 

corresponding T  are used to measure the Soret coefficient. 

Also, it was found in that study that the convection induced in the corners of the cell was 

due to horizontal gradients and that the main reason for the existence of horizontal temperature 

gradients is the poor heat transfer through the seals at the interface of the liquid, quartz glass, and 

copper. One of the most important results of their work is that based on the distribution of the 

velocity field, the concentration profile measured at the central part of the cell is correct and is not 

affected by the convections with velocities between of 10 and 35 𝜇𝑚. 

Later on, Mialdun and Shevtsova [59] studied the thermal design of the cell and optimized 

it to establish a more linear temperature distribution inside the cell along the vertical line. In result, 

the convections decreased successfully. It was pointed out that the convection in both the liquid 

and the surrounding gas strongly affects the quality of the optical measurements. 

As discussed, since the discovery of thermodiffusion by Soret and Ludwig, many scientists 

have tried to measure Soret coefficients of various liquid and gas mixtures using different 

techniques and operating conditions. In 1999, five different research groups started to establish a 

benchmark named Fontainebleau providing the Soret coefficients of three binary mixtures 

composed of dodecane (C12H26), isobutylbenzene (IBB), and 1,2,3,4-tetrahydronaphthalene 

(THN). The chosen liquids represent alkenes, one-ring, and two-ring components (Figure 2.6) [60]. 

The techniques used by these five groups were parallelepiped TGC technique along with the open-

ended capillary technique [61], the TDFRS or holographic grating technique [62, 63], an annular 

TGC, and a packed TGC [64]. Recently, Mialdun and Shevtsova [65] added data from the ground 

based ODI technique, and Königer et al. [66] added data for the beam deflection technique to the 

benchmark data. Table 2.1 presents the Soret coefficients from the benchmark  and ground based 

ODI experiments [65]. The good agreement between the ODI results and benchmark values shows 

the high reliability of the interferometry techniques which are definitely less costly than space 

experiments. 
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1,2,3,4-Tetrahydronaphthalene Dodecane Isobutylbenzene 

Figure 2.6: Molecular structure of the pure components of the hydrocarbon mixture used in 

Fontainebleau benchmark 

Table 2.1: Soret coefficients for mass fraction of 0.50 and temperature of 25 °C 

 ST; 10-3 K-1 

Description IBB-C12H26 THN-C12H26 THN-IBB 

Benchmark of Fontainebleau [60] 3.9±0.1 9.5±0.5 3.3±0.3 

Optical Digital Interferometry method [65] 3.98±0.008 9.24±0.01 3.29±0.11 

 

Although binary mixtures are well- known in terms of Soret coefficients, there is still a 

lack of information about Soret coefficients of ternary mixtures, and the results that do exist in 

different reports are not in a good agreement. Firoozabadi et al. [67] for the first time reported the 

thermodiffusion coefficients of a non-electrolytic ternary mixture. The thermogravitational column 

method was used to run the experiments. They also measured the molecular diffusion coefficients 

for binary and ternary mixtures by means of an open-end capillary-tube method. In their work, the 

binary mixtures were investigated to utilize the method suggested by Larre et al. [68] to estimate 

thermal diffusion of the ternary mixtures from the binary results. Van Vaerenbergh et al. [69] 

studied thermodiffusion in multicomponent hydrocarbon mixtures experimentally and 

computationally. They studied both binary and multicomponent hydrocarbon mixtures at high 

pressure. Experiments were done in a nearly convection-free environment in space on board the 

spacecraft FOTON-M3. It was found that the performance of the thermodiffusion model will be 

deteriorated by increasing the number of components.  

According to the Soret effect, when a multicomponent mixture in a Soret cell is subjected 

to a temperature gradient, components will travel toward the hot or cold side of the cell based on 

the Soret coefficients of the system. The species that migrate to the cold side are called 



 
15 

thermophobic and the ones tend to travel to the hot side are named thermophilic. While 

components are being separated due to the thermal diffusion, concentration-based diffusion occurs 

to re-homogenize the mixture. In case of a ternary system, two independent concentrations must 

be resolved. Therefore, two different independent diagnostics are required. In sampling techniques, 

e.g., TGC, refractive index and density can play the role of the diagnostics. In the optical methods, 

by using two different wavelengths that come from two separate laser sources, this requirement 

can be fulfilled. Developing this idea, a thermal diffusion experiment of a mixture with N 

components using optical methods requires (N-1) lasers with different wavelengths.  

Firoozabadi [70] for the first time proposed using a two-colour optical beam deflection 

method to do thermodiffusion experiments in ternary fluid mixtures. Later, Königer et al. [71] 

implemented the method. However, only a partial agreement between their results and literature 

data was confirmed. The tested mixture composed of THN – IBB- C12 with a 1:1:1 ratio of mass 

fractions and a benchmark of the Soret information was provided [71]. 

Ahadi and Saghir [72] analysed the thermal diffusion experiment on a ternary mixture in a 

low gravity environment. A hydrocarbon mixture of THN-IBB-C12 with the mass fraction of 

10/80/10 was used in a Soret cell. The Mach-Zehnder interferometry technique including two 

lasers with different wavelengths was used to measure the Soret coefficients. The successful 

measurements in their work proves that ODI can be considered a reliable technique to measure 

Soret coefficients on ground experiments.  

Mialdun and Shevtsova [73] analysed the results of TCG[74] and OBD [71] and showed 

that the true values of the Soret coefficients are highly dependent on the accurate values of contrast 

factors. In their study, a way is reported to match the results of the three techniques into a unique 

value. 

Recently, six participating laboratories studied the thermal diffusion in a ternary mixture 

by implementing different techniques. The studied mixture was THN-IBB-C12 with the mass 

fraction of 80/10/10 at a temperature of 25 °C. The benchmark of the Soret and thermal diffusion 

coefficients of the mixture was prepared and named DCMIX1[75]. The selectable optical 

diagnostic instrument (SODI) configuration works in microgravity conditions in space. The 

configuration is equipped with a Mach-Zehnder interferometer with two lasers of different 

wavelengths. The captured interferogram patterns were analyzed by four teams independently. The 
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benchmark values obtained from the ground based experiments and also using the SODI 

configuration are summarized in Table 2.2. 

The Soret coefficient of the first and third components, THN and C12, are presented. The 

reason of choosing and presenting the Soret coefficients of these two components is their higher 

accuracy due to having the highest differences in density and refractive index. The Soret coefficient 

of the second component is calculated from: 

,1 ,2 ,3' ' ' 0T T TS S S    

 

(2.3) 

 

Table 2.2: DCMIX1 benchmark values of Soret coefficients [75] 

 S’T,1 x10-3 

(K-1) 

S’T,3 x10-3 

(K-1) 

Ground conditions 1.11±0.15 -0.91±0.08 

Microgravity conditions 1.37±0.13 -0.65±0.19 

 

The available benchmarks for ternary mixtures covers only a few mass fractions. In order 

to contribute to establish benchmark for the remained mass fractions an interferometry 

experimental setup with Mach-Zehnder arrangement is suggested in the present study. The studied 

mixtures were placed in a convectionless Soret cell which was a re-design of the cell used 

previously in the space studies. This ground based experiments is more convenient to conduct 

compared to expensive experiments run in space. However, due to the presence of gravity force in 

ground, it is necessary to take precautions to avoid the undesirable convective motions.  

2.4. CONCLUSIONS 

The importance of the thermal diffusion in petroleum industry inspired scientists to 

measure thermal diffusion in hydrocarbon mixtures experimentally. Generally, two categories of 

Soret experimental methods are existed: convectionless and convective coupling methods. To 

avoid the convective motions due to the gravity force, some experiments have been performed in 

space which are very costly.  

Experimental studies by different research groups have been performed to establish 

benchmarks of thermal diffusion information for mixtures composed of THN, IBB, and C12 which 

are the main representatives of crude oil. However there are still lots of mass fractions with missing 
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information. Moreover the experimental results in the literature for ternary mixtures are not in a 

good agreement.  

The In order to run a ground-based convectionless test it is necessary to provide the 

conditions to avoid the motions. A cell which was designed for space experiments was used in 

ground-based experiments and the strong convective motions in the mixture masked the 

thermodiffusion. Thereafter, the cell was redesigned and a cell with new geometry was used to 

perform the experiments. Thermal design of the cell was studied numerically in terms of velocity 

and temperature profiles. The effect of the inclination of the cell on the convection and thermal 

diffusion was ignored in other studies by mistake. In this study, for the first time, this effect was 

investigated. Moreover, accurate measurement of thermal diffusion in ternary mixtures by utilizing 

the interferometry technique using two lasers with different wavelengths was introduced. 
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3. MATERIALS AND EXPERIMENTAL METHODS 

3.1. INTRODUCTION 

Tetrahydronaphtalene, isobutylbenzene, and dodecane are known as the representatives of 

a hydrocarbon reservoir mixture. Mixtures composed of these components with different mass 

fraction were tested in the current study. As the prepared mixture and lateral glass walls of the 

Soret cell transparent, laser beams are able to traverse the test section. In the optical interferometry 

techniques, the changes in refractive index make an optical path difference between two beams 

and a series of fringes are imaged on a screen. By image processing the created fringe patterns, the 

refractive index variation is measured. As the mixture is placed in the Soret cell and heated from 

above, a profile of refractive index is established due to the induced temperature and concentration 

gradients. 

3.2. CHAPTER AIMS 

This chapter presents details about the mixtures and mass fractions used in the binary and 

ternary mixtures. The interferometry technique used to measure temperature and concentration 

fields is explained and the optical equipment with their applications will be introduced. The Soret 

cells with different geometries will be explained and after describing the experimental procedure, 

the applied image processing method will be presented.  

3.3. MATERIALS USED IN THE CELL 

The Soret cell used in this study was made of 5 different materials. The core of the cell, 

which is the cubic cavity in the centre, was surrounded by windows made of quartz. The quartz 

glass was clamped between two nickel-plated copper blocks. Buna-N O-rings were used in 

between the quartz glass and copper blocks for sealing. The entire cell and copper blocks were 

insulated by Teflon Polytetrafluoroethylene (PTFE) walls. The PTFE walls were fastened around 

the cell by 12 screws. An injection hole was designed into each of the copper blocks. After filling 

the cell, these injection holes were closed and sealed by special screws. 
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3.4. FLUID MIXTURES 

The hydrocarbon mixture of C12-THN of mass fraction 0.50/0.50 at a temperature of 25 °C 

was used for the binary experiments. This mixture has been previously studied widely, and thus 

there is a benchmark of Soret coefficients prepared for the Soret coefficient for this mixture [60]. 

Therefore, this system was chosen to validate the setup and also study the effect of different 

parameters on the separation of the components. 

The hydrocarbon mixture of THN-IBB-C12 with five different mass fractions presented in 

Table 3.1 at a temperature of 25°C was used for ternary thermal diffusion experiments. The reason 

of selecting these specific mass fractions is explained in chapter 5. The mean temperature used in 

the benchmarks is 25 °C. 

The ternary mixture of THN-IBB-C12 with mass fraction of 80/10/10 at a mean temperature 

of 25 °C was tested by other groups to contribute to DCMIX-1 benchmark. This mixture was 

investigated again in the current study in order to make a contribution to the benchmark and also 

establish a proper optical digital interferometry configuration for further studies on mixtures with 

different mass fractions.  

The chosen components are the main representatives of a hydrocarbon reservoir mixture. 

All the components were purchased from Fisher Chemical Canada with a purity of more than 98%. 

Table 3.1: Mass fraction of the ternary mixtures used in the present study 

 Mass fraction 

mixture number THN IBB C12 

1 80 10 10 

2 70 10 20 

3 73.4 10.3 16.3 

4 71.8 20.2 8 

5 81.9 10 8.1 

 

3.5. MIXTURE PREPARATION 

An analytical balance was used to weigh the components of the mixture. The balance used 

was a Denver Summit Series Instrument balance (Fisher Scientific catalogue numbers of SI-234) 

with precision of 4 decimal places (10-3 mg). The objective of the mixture preparation was to fill 

the container bottle shown by the mixture components to reach the desired mass fraction.  
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The inside and outside of the container must be dry and clean before filling. The empty 

container was placed into the balance. By pushing the “Tare” button, the balance was zeroed. Then 

the container was taken out and filled by the first component, i.e., THN, and then it was placed 

into the balance again to weigh it. After reaching the desired weight, the balance must be zeroed 

again for the second component. By adding the second component with the same weight, the 

preparation of the binary mixture components in the bottle was completed. Thereafter, the mixture 

was placed on a stirring device (Fisher Scientific, Isotemp, Basic Stirring Hotplates: Aluminum 

Top), and in order to homogenize the mixture, a magnetic stir bar is placed into the container to 

spin in the mixture for few minutes with speed of 200 rpm. 

The chemicals are toxic and the mixture must be prepared in a fume hood (Mott Labs 

7221000 Fume Exhaust Hood). 

3.6. EXPERIMENTAL METHOD 

Optical digital interferometry in a Mach-Zehnder scheme was used to carry out the 

experiments. This technique is based on the optical path difference between two beams split from 

a collimated source. The optical path difference is caused by the variation of the index of refraction 

in the mixture, which is caused by either a temperature or a concentration variation. By image 

processing of the fringe pattern obtained from the Mach- Zehnder interferometer, the index of 

refraction distribution in the cell is found.  

In this type of interferometry technique, the laser beam passes through the test section only 

once. Therefore, the fringes produced are sharp and clear[76]. Interferometry technique of 

measurement is non-intrusive and it does not need a probe and it does not disturb the mixture 

during the experiment which is essential in convectionless techniques of thermal diffusion 

experiments. 

The general arrangement of the Mach- Zehnder interferometer is shown in Figure 3.1. The 

interferometry setup for binary and ternary experiments is described here, respectively. 
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Figure 3.1: Schematic of the Mach-Zehnder Interferometer (MZI) 

 

3.7. INTERFEROMETRY SETUP FOR THE BINARY TESTS 

The Mach-Zehnder interferometer used for the binary systems included the following 

equipment: 

1- He-Ne Laser: The optical light source used in the interferometer for binary tests was a 

red cylindrical Helium-Neon laser with wavelength of 632.8 nm and 15 mW power (Melles Griot 

model: 25-LHP-151-249, beam diameter: 0.8 mm). The length of the cavity was 396.2 mm. He-

Ne lasers with wavelength of 632.8 nm are used commonly in optical research. The other reason 

for choosing this wavelength is the popularity of using this device in previous studies in the field 

of Soret experiments. In the Mach-Zehnder interferometer used in the SODI experiments, the same 

laser light source was used. 

2- Spatial filter: A spatial filter, including a micro-lens and a pinhole, was used to expand 

the laser beam and to increase the quality of the wavefront. The micro-lens expands the beam. 

However, the propagated beam from the laser source does not have a perfectly spherical wavefront. 

The uneven wavefront can cause undesirable interference. To avoid that, a pinhole was used at the 

distance of one focal length from the micro-lens. Figure 3.2 shows the effect of using the pinhole 

on the quality of the wavefront. 
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The spatial filter used in this study was a three-axis spatial filter (Newport corporation, 

Model: M-900) shown in Figure 3.3, and the pinhole diameter was 25 micron (Newport 

corporation, Model: 900PH-25). 

 

Figure 3.2: Effect of spatial filter on the quality of the wavefront 

 

 

Figure 3.3: Spatial filter 

3- Lens: A plano-convex spherical lens was used to collimate the beam. It was located at 

the distance of its focal length from the light source (Figure 3.4), which was the pin-hole. A shear-
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plate collimation tester was used to test if the beam was collimated properly. The shear-plate was 

placed after the lens, and as the visible beam entered the plate, fringes appeared on the screen on 

top of the shear-plate. The fringes parallel to the straight line on the screen indicate proper 

collimation of the beam. Figure 3.5 shows the collimated, converging or diverging beams. The 

second plano-convex lens is used to focus the beam on the camera. Among different types of 

lenses, the plano-convex lens provides the lowest amount of spherical aberration. As shown in 

Figure 3.6, to reduce the aberration effect, the curved side of the lens must be placed towards the 

collimated beam. 

 

Figure 3.4: Collimating the beam using a Plano-Convex lens 

 

   

(a) collimated beam b non-collimated beam 

Figure 3.5: Testing the collimation of the beam using a shear-plate collimation tester, 

showing (a) Collimated beam (b) non-collimated beam 
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(a) with less aberration (b) with more aberration 

Figure 3.6: Reducing the aberration by choosing the correct side of the lens towards 

the collimated beam 

4- Beam splitter: beam splitters are used either to split the beam into two beams or to 

recombine beams. The percentage of the reflection varies in different beam splitters and for 

different wavelengths. There are generally two types of beam splitters: Cube beam splitters and 

plate beam splitters (Figure 3.7). The cube type consists of two glass prisms with one of them 

coated. The two prisms are cemented together. Plate beam splitters are flat glass plates with the 

front surface of the splitter reflecting a portion of the incident beam while the rear surface has an 

antireflection coating to avoid undesirable reflection from the second surface.  

The beam splitter used in this study (BS1-633-50-2025-45P, Melles Griot) was a plate 

beam splitter, made of fused silica with diameter and thickness of 50.8 mm and 6.35 mm, 

respectively. It is a non-polarizing splitter that does not change the polarization state of the incident 

beam. 

Two beam splitters were used in the Mach-Zehnder interferometry setup. The first beam 

splitter, BS1, split the collimated beam into two separated beams, while the second beam splitter 

recombines two beams. Thereafter, the recombined beams travel towards the lens and CCD 

camera. 
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(a) plate beam splitter (b) cube beam splitter 

Figure 3.7: Beam splitter (a) plate beam splitter (b) cube beam splitter 

5- Mirror: A metal-coated mirror (Enhanced Aluminum - EAV-PM-2037-C) with diameter 

and thickness of 50.8 mm and 6.35 mm, respectively, was used to reflect the beam. The mirror is 

made of N-BK7 glass and coated with enhanced aluminum. The average reflectance of these 

aluminum mirrors is more than 93%. Two mirrors were used in the MZI interferometer setup. One 

reflected the reference beam towards the second beam splitter and the other mirror reflected the 

object beam towards the Soret cell. Mirror mounts (200-20M-3SC-LK) with 3 adjustable screws 

were used to mount the mirrors on the bench and adjust the fine angles.  

6- Detector: In order to image the fringes on the screen, a CCD camera (JAI progressive 

scan, model: CV-M4-CL+ monochrome digital megapixel camera) was installed. This is a 2/3” 

megapixel progressive scan camera with 1392 x 1040 effective pixels and an image scale of 

approximately 6.45 µm square pixels at 24 frame per second. A plano-convex lens was used to 

focus the recombined beams for the lens of the camera. The flat side of the lens faced the camera. 

The field of view shown on the screen in 15 mm, so the resolution is 90 pixel/mm. 

The beams were emitted from the He-Ne laser at a wavelength of 632.8 nm, and the micro-

lens expanded the beam to pass through the pin hole located at the focal distance of the micro-lens. 

Thereafter, the first plano-convex lens collimated the beam. The first beam splitter divided the 

collimated beam into two separated beams and each of them passed one of the arms of the Mach-

Zehnder. The beam in the reference arm passed through the undisturbed environment and then was 

reflected by the first mirror towards the second beam splitter, while the object beam was reflected 

by the second mirror towards the Soret cell and recombined with the reference beam at the second 

beam splitter. Finally, the recombined beam was focused on the CCD camera after passing through 
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the second plano-convex lens. The whole optical system was mounted on an optical table (Newport 

corporation, dimension 1.2 x 2.4 x 0.203 m, model: M-RS2000-48-8). The components were 

installed on mounting posts mounted to the optical table. The posts of the CCD camera and the 

lens next to it were installed on rail carriers (Newport cooperation, model: PRC-1), which can slide 

on a precision optical rail (Newport cooperation, model: PRL-6). So, the camera and the lens can 

be moved in order to find the best location where sharp and clear images are shown on the screen. 

 

Figure 3.8: Interferometry set-up for binary tests 

3.8. INTERFEROMETRY SETUP FOR THE TERNARY EXPERIMENTS 

In the Mach-Zehnder arrangement for ternary systems, two lasers with different 

wavelengths were used at the same time (Figure 3.9). In order to use the same Mach-Zehnder 

interferometer for both lasers, they are placed on the optical bench perpendicular to each other. 

One laser emits the laser beam in a straight line towards the MZI setup, while the laser beam of 

the other laser source is reflected towards the setup by a beamsplitter. Here, a beam splitter is used 

instead of the mirror to avoid blocking the first laser. Laser sources with wavelengths of 632.8 and 

940 nm were used in this thesis. Sechenyh et al. [77] found that the choice of these wavelengths is 

not optimal. However, these wavelengths were chosen for this study in order to have a similar 

setup as that used during the microgravity experiments from SODI. 
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Figure 3.9: Interferometry set-up for ternary test 

 

3.9. SORET CELL 

The Soret cell used in this study was designed based on the classical Soret cell with heating 

from above. Previously, Rahman and Saghir[78]used a cell with height and width of 5 and 10 mm, 

respectively, for binary experiments. As shown in Figure 3.10, the quartz glass window was 

clamped between two copper blocks. Plastic screws were used to tighten the cell. The mixture was 

injected into the cell through the injection holes on the copper blocks. Although the heating process 

was from above, residual convection was unavoidable. However, it is possible to reduce 

convection by redesigning the cell. The schematic of the new design is shown in Figure 3.11. The 

dimension of the cavity was 15mm x 15mm x 2.5mm (width, length, height). The window was 

made of quartz glass ordered from Hellma Company. It was clamped between the copper blocks. 

Buna-N O-rings were used in between the glass and the copper blocks for sealing purposes. The 

injection holes on the copper blocks are shifted to the corners, which will be explained in more 

detail in chapter 4. An inclined hole was made in one side of each copper block to place a thermistor 

in it. Calibrated PT100 thermistors were used to measure the temperature, and two electronic 

proportional-integral-derivative (PID) controllers regulated the temperature of each block 

independently with precision of less than  0.01 °C. PTFE walls were used to tighten and assemble 

the system and insulate it at the same time. Windows were designed on the back and front walls to 

let the laser beam pass through the cell. The PTFE walls were connected to each other by screws. 
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`  

Figure 3.10: Soret cell used in the previous studies [78] 

 

 

 

Figure 3.11: Schematic of the new model 

 

To assemble the cell, the first step was to place the Buna-N O-rings into the designated 

grooves on the copper blocks. Next, the quartz window was placed and clamped between the 

blocks. Finally, the PTFE walls tightened the cell. 

3.9.1. Filling the cell 

A syringe with a luer- lock taper connection was used to fill the cell with the liquid mixture. 

By using this type of syringe, a leak-free connection between the syringe head and the filling 
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channel on the copper block can be established. While the cell is held vertically, the filling 

procedure started from the bottom side. The filling must be done continuously until no bubbles 

remain. Next, the hole on the upper block was fastened with a cap screw. For sealing purposes, 

Teflon tape was used to wrap the screw. Then, the cell was flipped and the syringe was 

disconnected. Then the hole was closed with another Teflon wrapped screw. However, before 

closing the hole there must be no bubbles left in the cell. To remove the bubbles, a needle syringe 

inserted from the top was used to degas the mixture. 

3.9.2. Installing the cell on the bench 

As mentioned earlier, the Soret effect in this work was studied in the Soret cell by heating 

from above. The top and bottom copper blocks play the role of the hot and cold sides of the cell, 

respectively. The constant temperatures of these sides were provided by Peltier elements. One side 

of each Peltier element was attached to the relevant block and the other side was in contact with a 

circulating water bath (Fisher scientific, Model: Isotemp 3016D) with a constant temperature. To 

enhance the heat transfer, thin layers of thermally conductive epoxy was used on the surfaces in 

contact with the Peltier elements. Plastic holders manufactured manually in the workshop were 

used to enclose the cell between the water circulators and the Peltier elements. 

The Soret cell was installed on three different moveable stages shown in Figure 3.12 which 

are used to align the cell properly. A jack stage (Newport Cooperation, model: M-EL80) was used 

to adjust the system vertically to make sure that the laser beam passes through the cell. Figure 3.13 

shows the different angles that the cell can have with the coordinate system. The laser beam must 

traverse the cell perpendicular it. Thus, the angles of   and   must be equal to zero. A rotary 

stage with the diameter of 70 mm purchased from Newport and a tilt stage (Edmund optics, Stock 

No. #66-517) were used to align the cell perpendicular to the laser beam. The angle of   was used 

to study the effect of the inclination on the thermal diffusion. This angle was adjusted by the tilt 

stage. 
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Figure 3.12: Soret cell installed on the inclination stage 

 

 

 

Figure 3.13: Schematic of the cell with alignment angles 
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3.10. EXPERIMENT PROCEDURE 

Both binary and ternary tests have the same procedure, but for the latter, two laser sources 

were used instead of one. However, only one laser passed through the cell at a time. After filling 

the cell with the homogenized mixture and installing it on the optical bench, a constant temperature 

of 25 °C was applied to the both lower and upper sides of the cell. After a few minutes, a 

temperature gradient of 1ºC/mm was applied between the sides. For instance, in a cell with height 

of 5 mm, the upper and lower sides would reach the temperatures of 27.5°C and 22.5°C, 

respectively. The separation of the components commences on application of the temperature 

gradient, and it continues until the maximum separation happens. The time to reach the maximum 

separation, steady state, is named the diffusion characteristic time or relaxation time, D  : 

 

2 /D H D   

 

(3.1) 

For binary mixtures in the Fontainebleau benchmark for a cell with height of 5mm, D  is 

approximately 12 hours. 

 

3.11. IMAGE PROCESSING 

In this study, changes in the temperature and concentration fields cause the variation of the 

index of refraction, n , that can be measured by image processing of the fringe patterns obtained 

from the digital interferometry with wavelength of   and initial values of T0 and C0: 

, , , ,0 0 0 0
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n  is obtained from interferometry as follows: 
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where   is the change of the optical phase and can be measured by interferometry and 

FFT. 

3.11.1. Fast Fourier Transform (FFT) 

Kreis[79] introduced a method using one- or two- dimensional Fourier transforms to 

determine the phase in interferometry. A typical fringe pattern of the present study is shown in 

Figure 3.14. The intensity of the pixels ranges between 0 and 255 and have 8 bits. The intensity 

can be written as[80]: 

 0( , ) ( , ) ( , )cos 2 ( , )g x y a x y b x y f x x y     (3.4) 

where, ( , )x y is the phase distribution containing information about the concentration and 

temperature fields, ( , )a x y and ( , )b x y are undesired distributions of the irradiant, ( , )a x y represents 

the background variations, ( , )b x y represents the local contrast of the fringe- carrier frequency, and

0f  is the spatial-carrier frequency. Equation (3.4) can be rewritten as: 

   0 0( , ) ( , ) ( , )exp 2 *( , )exp 2g x y a x y c x y if x c x y if x      (3.5) 

 
( , )

( , ) exp ( , )
2

b x y
c x y i x y  

 

(3.6) 

In Equation (3.6) * denotes a complex conjugate. By Fourier transforming the Equation 

(3.5) with respect to x by means of a fast Fourier transform the following equation is obtained: 

0 0( , ) ( , ) ( , ) *( , )I f y A f y C f f y C f f y      

 

(3.7) 

where f represents the spatial frequency in the x direction and the capital letters indicate 

the Fourier spectra. The background variations are shown by A (f, y). So, background variations 

can be easily filtered out by removing A (f, y) from the spectra. C and C* are symmetrical parts. 

Therefore, one of them can be picked and the other filtered. In the next step, 0( , )C f f y  is shifted 
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to the origin by 0f  on the frequency axis. Finally, by applying the inverse transform of ( , )C f y  

with respect to f the phase is found: 

    1( , ) tan Im ( , ) / Re ( , )x y c x y c x y   (3.8) 

Re and Im stand for the real and imaginary parts of the phase, respectively. 

 

Figure 3.14: A typical fringe pattern captured from the cell in the current study 

 

 

3.11.2. Phase unwrapping 

The phase distribution obtained from Equation (3.8) is discontinuous. As shown in Figure 

3.15, a typical phase pattern consists of phase bands, with each phase band ranges between   

and  . In a continuous phase pattern, the phase difference between two adjacent pixels is less 

than  . 
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Figure 3.15: Discontinuous phase pattern 

 

The following equation provides the continuous phase of a monotonically increasing phase 

distribution: 
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(3.9) 

For the non-monotonically rising phase distribution the following equation is used: 
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For two dimensional phase distribution, as in this study, unwrapping process is done in 

both x and y direction: 

1 1
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(3.11) 

The phase difference between an image and the reference image is used to find the desired 

variations: 

0( , , ) ( , , ) ( , , )i ix y t x y t x y t      

 

(3.12) 

 

( , , )ix y t  represents the phase distribution of an arbitrary fringe pattern captured during 

the experiment. 0( , , )x y t  is the phase pattern of the reference image. The reference image is taken 

when the temperature gradient is not applied on the cell yet. 

The obtained phase distribution from the Equation (3.12) is used to find the changes in the 

index of refraction caused by the temperature and concentration gradients along the optical path 

of the laser beam in the Soret cell: 

 2
0 0

1

2
( , , ) ( , , ) ( , , )

l

i il
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(3.13) 
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Where l indicates the optical length of the Soret cell. It is assumed that the variations of the 

index of refraction along the optical path is negligible which means 
n

l




 is equal to zero. So, 

Equation (3.13) is simplified to: 

2
( , , ) ( , , )i in x y t n x y t l




    

 

(3.14) 

In binary systems the changes of refractive index in contributed by the changes of the 

temperature and concentration: 

     , , ,
n n

n x z T x z C x z
T C

    
       

    
 

 

(3.15) 

In a ternary system, concentration of two components, C1 and C2, are independent and then 

C1+C2+C3=1 gives the value of C3. To find the independent concentrations from variation of 

refractive index, the following equation must be solved: 

       1 2
1 2

, , , ,
n n n

n x z T x z C x z C x z
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(3.16) 

Thermal time is approximately 3-9 minutes [8] and Equation (3.16) in thermal time is 

simplified to: 

   , ,
n

n x z T x z
T

 
   

 
 (3.17) 

From the latter equation, temperature profile is obtained. After thermal time, the refractive 

index keeps changing due to the changes in concentration field: 

     1 2
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 (3.18) 



 
37 

Equation (3.18) includes two unknowns and cannot be solved. Therefore, another laser 

with a different wavelength must be used to have the second equation: 

     2 1 2
1 2

2 2

, , ,
n n

n x z C x z C x z
C C

 

    
       

    
 (3.19) 

Now, having contrast factors,
i j

n

C

 
 
 

, concentration profiles are obtainable. The 

unwrapped phase pattern of a fringe pattern is shown in Figure 3.16. 

 

Figure 3.16: Unwrapped phase distribution 

 

3.12. CONCLUSIONS 

A hydrocarbon mixture composed from THN, IBB, and C12 was placed in a Soret cell 

heated from above. Two different geometries for the cell were used. The applied temperature 

gradient was 1°C/mm. The interferometry technique with Mach-Zehnder arrangement was used as 

the measurement tool. The laser source used for binary systems had the wavelength of 632.8 nm 

while in the ternary systems two laser sources with different wavelengths were used. After 
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capturing the fringe patterns formed due to the optical path difference between beams, a series of 

data analysis were performed to extract the phase information form the fringes. The changes in the 

refractive index and then concentration and temperature fields were found from the phase changes.  
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4. FACTORS AFFECTING THE EXPERIMENT 

4.1. INTRODUCTION 

Generally, two kinds of factors which can have deleterious effects on the convectionless 

measurement of thermal diffusion in this study: interferometry-related factors and 

thermodiffusion-related factors. 

From an interferometry perspective, misalignments of the optical equipment can be sources 

of error. For instance, improper location of the plano-convex lens next to the camera can increase 

the beam deflection, which is undesirable.  

Besides the factors affecting the optical measurement, there are factors that can affect the 

thermal diffusion process. Formation of air bubble in the mixture disturbs the segregation of the 

components. Moreover, inadequate thermal design of the cell increases the convection residuals in 

the mixture during the thermal diffusion step of the experiment which has a deleterious effect and 

it prevents the separation.  

Thanks to the interferometry technique, the temperature and concentration fields in the 

mixture can be obtained experimentally. In addition, any bubble in the cell can be identified in the 

interference images. By utilizing some practical methods that are presented in this chapter, the 

formation of the bubbles was avoided. 

To find the best thermal design of the cell, some numerical studies were performed. Two 

different geometries were analysed and compared. The effect of the location of the filling channel 

on the convective motions and temperature profile was examined and the optimized geometry with 

weaker convections was found. Then, the effect of the inclination of the cell on the thermodiffusion 

process was studied numerically and experimentally for the optimized cell. 

4.2. CHAPTER AIMS 

In the first part of this chapter, the optical challenges are discussed and it is shown that how 

beam deflection can reduce the quality of the images. Next, the problem caused by the air bubbles 

is explained and it is shown that how to solve the problem. The thermal analysis of the Soret cells 
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with different geometries is presented and the performance of both designs of the cell is studied 

numerically and experimentally. Finally the effect of the inclination of the cell on the thermal 

diffusion is investigated. 

4.3. OPTICAL CHALLENGES 

4.3.1. Beam deflection problem 

Interferometry can be used to obtain the refractive index profile induced due to temperature 

and concentration gradients in the mixture. The path that the beam passes through in the mixture 

is called the optical path. The beam is deflected while traversing the optical path because of 

variations in the refractive index. There are two types of errors introduced by the deflection of the 

propagated beam: 

1- The interferograms made by the interference of the deflected beams are placed lower 

than the location that they should be. To explain it visually, a typical fringe pattern of a high 

deflected beam is shown in Figure 4.1(a). The first figure shows the fringe pattern on the mixture 

and the side walls before applying the temperature gradient. By applying the temperature gradient, 

the refractive index profile is introduced in vertical direction in the mixture. As shown in Figure 

4.1(b) the fringe pattern on the mixture is located lower than that for the glass wall. The variation 

of index of refraction of the glass wall is negligible. Therefore, the beam deflection in the walls is 

negligible and the location of the fringes of the wall is correct. 

 

(a) Before applying thermal gradient 

 

(b) After applying thermal gradient 

Figure 4.1: Fringe pattern made by deflected beams 
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2- The deflected beam travels a longer distance than the optical length of the cell (Figure 

4.2). In this case, the resulting fringes carry incorrect information about the refractive index of the 

mixture, which leads to the calculation of the incorrect temperature and concentration gradients. 

 

Figure 4.2: Distance travelled and optical path in the cell with beam deflection 

 

As discussed earlier, by applying temperature gradient, a refractive index profile is 

established in the mixture. The refractive index, n, is shown as: 

c
n


  

 

(4.1) 

Where c is the speed of light in a vacuum and v is the speed of light in the medium. So, 

different points of a wavefront in the medium with different refractive indices travel different 

distances depending on the speed of light at that point. Figure 4.3 shows the deflection of a 

wavefront travelling in the medium with refractive index profile. 

 

Figure 4.3: Deflected wavefront in the medium with a refractive index profile 

 

Huygen’s principle is used to explain the beam deflection. Based on this principle, a 

wavefront consists of several point sources which produce spherical wavelets. The new location 
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of the wavefront after t seconds is the tangent line on the all wavelets (Figure 4.4). As each point 

has a different velocity because of the variation of the refractive index, the radius of each circle 

( r t  ) increases with time. Therefore, the new wavelet is tilted or in other words the beam is 

deflected. 

 
 

Homogenous media Non-homogenous media 

Figure 4.4: Huygen’s principle 

 

There are several different interferometry techniques available, e.g., Mach-Zehnder, 

Rayleigh, Guoy, and Michelson. The beam deflection problem occurs in the all schemes, but in the 

case of Mach-Zehnder interferometry this problem can be treated easily [65]. 

By adjusting the location of the focal plane on the inner side of the glass wall nearest to the 

CCD, the deflection of the beams not close to the bottom boundary can be minimized. This idea 

was first proposed by Matisson, et al.[81]. 

In a Soret cell, the lower boundary plays the role of the cold side, and the refractive index 

of the cold region inside the cell is higher than that of the upper region. The beam deflection occurs 

towards the cold side. Therefore, a portion of the deflected beam is reflected by the cold plate as 

shown in Figure 4.5. Consequently, the fringes from the deflection near the boundaries are not as 

sharp and clear as the fringes created from the deflection around the middle region (Figure 4.6), 

and therefore the exact concentration difference between boundaries cannot be found. To bypass 

this problem, the fringes with some few pixels, e.g. 20 pixels near the boundaries are cropped off. 
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Figure 4.5: Beam deflection in a Soret cell near the cold side 

 

 

 

Figure 4.6: Low quality fringes near the cold side caused by beam deflection  

4.3.2. Alignment 

In case of a misalignment, the laser beam may not pass the cell completely, and the resulting 

fringes that come from deflections near the top and bottom of the cell are not sharp and clear 

(Figure 4.7). Moreover, when the incident beam is not exactly perpendicular to the cell, the 

assumption of constant refractive index along the traveled path is not true anymore. To level the 

cell, a tilt stage is used. 
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Figure 4.7: Low quality fringes near the cold side because of the misalignment 

4.4. THERMODIFFUSION- RELATED CHALLENGES 

4.4.1. Formation of the bubbles 

The problems caused by the presence of bubbles in the cell are discussed in detail in[82], 

and methods to avoid the formation of bubbles are presented in the same study. In some studies a 

degasser is used to overcome the problem[6], while in others with a shorter height of the cell using 

a degasser is not necessary due to the short time of the experiment. For instance, Torres et al. [6] 

studied the Soret effect using a measurement time 1/10 smaller than that in [82]. Consequently, 

there is less possibility of the formation of bubbles during the experiment. The issue of bubble 

formation was faced in the current study. After trying all the known techniques to solve the 

problem, it was found that the best way to fill the cell was to do it from the bottom using a syringe. 

Then, the bubbles will exit from the top hole, and to eliminate the remaining bubbles after closing 

the bottom hole, the cell is refilled from the top hole using a needle syringe. 

A typical bubble that appeared in the cell after installing the cell onto the Mach-Zehnder 

setup is depicted in Figure 4.8. As shown, a bubble can block the laser beams, and the information 

of that region is lost. Moreover, if a bubble shows up during the experiment in the bottom of the 

cell, it starts moving towards the top side and consequently an undesired flow is induced that can 

homogenize the mixture. Marangoni convection is another drawback of the presence of the 

bubbles. This effect occurs between the surface of two fluids due to the temperature and 

concentration gradients. 
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Figure 4.8: A typical bubble formed in the cell 

4.4.2. Thermal design of the cell 

Two Soret cells with different dimensions and geometries were used in the present study. 

Both geometries are explained here in details. 

The schematic of the first cell is shown in Figure 4.9. It consists of two nickel- plated 

copper blocks with dimensions of 
330 30 20mm   where the height is 20 mm. A cubic cavity with 

quartz walls is enclosed between the two blocks. The mixture is placed in this cavity. The width 

and length of the glass frame are equal to those of the copper block and the height is 10 mm. The 

dimensions of the cavity is 
310 10 10mm  . On one side of each copper block a step with height 

of 2.5 mm is provided which enters the glass frame. Thus the total height of the mixture enclosed 

in the cavity is 5 mm. The aspect ratio (length/height) is two. Two concentric N-Buna O-rings with 

different diameters are used on each side of the frame in contact with the blocks for sealing 

purposes. A filling channel with diameter of 1 mm is provided in centre of each. After filling the 

cell with the mixture, blocks are sealed with screw plugs. There is a hole on side of the blocks 

where a thermistor enters to measure the temperature near the plate in contact with the mixture. To 

clamp the frame between the blocks and assemble the cell, four plastic screws are used. There is 

no insulation material used for this cell to prevent the heat transfer with the surrounding 

environment.  

In the second design, the steps on the plates are removed and the glass frame is clamped 

between the flat plates. The size of the copper blocks is same as the previous one. The new size of 

the cavity is 
315 15 2.5mm  where height is 2.5 mm. So the aspect ratio increased to six. The 
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filling channels are moved to the corners of the block in order to reduce the convection effect in 

centre of the mixture. This will be investigated in more details in the numerical study part. Instead 

of using the plastic screws, PTFE Teflon walls are used to assemble the cell. The dent on top of 

the each block allows the PTFE wall to secure the blocks and glass frame in place. Moreover, these 

walls insulate the cell and prevent the heat transfer between the cell and the environment. In order 

to pass the laser beams, a window is provided on the front and back walls. The holes for thermistors 

are closer to the mixture because of removing the protrusions on the blocks. Therefore, the 

temperature read by the sensors is more accurate in the new design. The cross section view of the 

cell illustrated in Figure 4.10 shows all details of the new design. 

 

 

Figure 4.10: Schematic of the new design 

 
 

(a) isometric view (b) side view 

Figure 4.9: First designed cell 
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Peltier elements are used to thermostabilize the copper blocks. One side of the Peltier 

module is attached to the block and the other side is attached to the water heat exchanger. Thin 

layers of thermal compound is used between on the Peltier elements to increase the conductive 

heat transfer. The thermistor and Peltier module of each block are connected to a PID controller. 

Each controller regulates each Peltier. The resolution of the regulated temperature is 
310 K

. The 

mean temperature of the experiments is 298 K and for the cell with height of 5 mm and 2.5 mm 

the applied temperature gradient is 5 and 2.5 °C respectively. 

A two dimensional model was used for numerical thermal analysis in order to obtain the 

distribution of the temperature and velocity contours in the mixture. The both designs of the cell 

were examined and the results were compared. The following assumptions were made: 

1- Steady state. 

2- The density of the surrounding air is a function of temperature. Due to small changes in 

temperature, the other physical properties used in the simulation are assumed constant. The 

materials properties are presented in Table 4.1 [83] 

2 5 2

air (T) 3.561 1.198 10 T 1.343 10 T        

 

(4.2) 

3- No phase change. 

4- The gravitational effect was applied to the model vertically downward. 

5- The mean temperature, meanT , is 25 °C. 

6- No thermal diffusion. 

4.4.2.1. Governing equations 

Based on the above assumptions, the following continuity and momentum equations were 

utilized in Cartesian coordinate system to calculate the velocity:  

Continuity equation: 

( ) ( )
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Momentum equation: 
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(4.5) 

where sing   and cosg   are x and y components of the gravity respectively. 

The energy equation solved to find the temperature distribution is:  

Energy equation: 

In the present study, the separation of the components was studied only experimentally. In 

terms of the numerical investigations, thermal diffusion was not taken into account. The aim of the 

computational thermal analysis was to find the geometrical design with less convective motions in 

the mixture. Thus the mass transfer equation (Fick’s law) was not included in the governing 

equations. 

4.4.2.2. Boundary and operational conditions 

The liquid is bounded on the lateral sides by the glass walls. The lower and upper 

boundaries of the liquid are in contact with the copper blocks. The sides of this assembly are 

covered by the insulation material made of PTFE. The whole cell is modelled in between a large 

surrounding environment with the length and height of 25 cm and 45 cm respectively. The 

dimension of the environment were chosen large enough so they boundaries of the environment 

have no effect on the natural convection around the cell. 

Figure 4.11 depicts the applied boundary conditions on the model. The small objects e.g. 

O-rings were all modelled. However they are not shown in this figure. All the interfaces lying 

between a solid and a fluid zone (i.e. the interface between the mixture and the glass wall) are 

defined as coupled zones. In such zones the temperature of the solid and fluid are equal and there 

2 2

2 2p

T T T T
C u k

x y x y
 

     
              

 

(4.6) 
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is no heat loss. The blue lines in Figure 4.11 represents the coupled surfaces. This type of boundary 

condition is described mathematically as below: 

At the interface of a solid and a fluid: 

( , ) ( , )solid fluidT x y T x y  (4.7) 

solid fluidq q  

 

(4.8) 

 

Constant temperature conditions were applied at the end side of each copper block: 

2 2 4( , ) hotT L x L H T      (4.9) 

2 2 4( , ) coldT L x L H T       

 

(4.10) 

 

The lower edge of the surrounding environment and the lateral walls are pressure inlet with 

the ambient temperature of ambT (=298 K) and the upper edge is pressure outlet with ambT : 

Pressure inlet condition: 

1 1

1 1

( , ) , ( , )

( , ) , ( , )

atm amb

atm amb

P L y P T L y T

P x H P T x H T

   

 

 (4.11) 

 

Pressure outlet condition: 

2

2

( , )

( , )

atm

amb

P x H P

T x H T




 (4.12) 



 
50 

 

Figure 4.11 Schematic of the applied boundary conditions for the computational thermal 

analysis 

Table 4.1: Thermal properties of materials used in numerical modelling [83] 

 Density(kg/m3) 

Specific 

heat transfer 

(j/kg.k), Cp 

Thermal 

conductivity 

(W/m.k), K 

Viscosity(kg.m.s),   

binary mixture of THN-C12 (50/50) 851.98 1851.48 0.13696 0.001763 

air(Fluent database) Equation (4.2) 1006.43 0.0242 1.79E-05 

Glass (Quartz) 2650 700 1.3 - 

PTFE (Teflon) 2320 1200 0.25 - 

O-ring (Buna-n made of nitrile 
rubber) 

1200 1350 0.24 - 

Gaskets (CHO_THERM1674) 1200 1000 1 - 

copper(database) 8978 381 387.6 - 

 

4.4.2.3. Numerical procedure 

Finite volume method was used to solve the governing equation. In order for the solution 

to converge, the residuals of mass and energy equations were considered to reach 10-7. In order to 

discretize the governing equations and solve the problem, a second order upwind scheme with the 

PRESTO! solving algorithm was used. The structured mesh used in the cavity is depicted in Figure 

4.12. A finer mesh was used near the walls to be able to calculate the sharp changes in the 

temperature field. The grid independency analysis was performed on each model by using the 
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average Nusselt number near the hot wall as the parameter for comparison. As shown in Figure 

4.13, the mesh- independent solution was achieved for both models with roughly 4200 number of 

elements. 

 

Figure 4.12: The adopted mesh in the cavity 

 

 

Figure 4.13: Grid sensitivity test for both models based on the average Nusselt number 

 

4.5. NUMERICAL RESULTS 

4.5.1. Velocity and temperature fields in the cells 

Figure 4.14 shows the numerical computed velocity fields in the liquid contained in the 

cavities with different geometries. The induced motions in the cavity with smaller aspect ratio 
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(height/length) is significantly greater than that for the other one. Mialdun and Shevtsova [58] 

showed that weak motions with velocities in range of 10- 35 /m s  can homogenize back the 

mixture and prevent the segregation of the components. The average and maximum velocities are 

presented in Table 4.2. Although the model shown in Figure 4.14 (a) experiences velocities smaller 

than 2 /m s , the second model has even smaller velocities less than 0.06 /m s . 

 

(a) aspect ratio= 2 

 

(b) aspect ratio= 6 

Figure 4.14: Computed velocities in different geometries 

Table 4.2: Maximum and average velocities in the mixture (numerically computed) 

 New cell (aspect ratio= 6) Old cell (aspect ratio= 2) 

Average velocity 1.42 e-8 m/s 1.015 e-6 m/s 

Maximum velocity 4.85 e-8 m/s 1.898 e-6 m/s 
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The computed steady isotherms are depicted in Figure 4.15. The temperature gradient of 

1 /T K mm   was applied against the gravity between the top and bottom walls. Thus T for 

previous and new model is 5 and 2.5 K respectively. The temperature gradient in horizontal 

direction exists near the side walls for both models with smaller values for the shorter cell. Moving 

towards the center of the cells the horizontal temperature gradient disappears. However, sudden 

changes in isotherms are observed at the connection point between each of the filling channels and 

the cell. As in the new model these channels are moved to the corners, the horizontal temperature 

gradient in center of the cell still remains zero which is beneficial to establishing a motion free 

zone in center zone. As a drawback for the previous cell, the horizontal temperature gradients 

reside at the corners as well as the center of the cell and the assumption of pure heat conduction is 

not applicable and convection is inevitable. The temperature distribution on a horizontal line near 

the wall shown in Figure 4.16 illustrates the mentioned jumps in temperature at the connection 

point. 

 

(a) previous model 

 

(b) new model 

Figure 4.15: Numercally computed isotherms 
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(a) previous model 

 

(b) new model 

Figure 4.16: Temperature distribution on a horizontal line near the hot wall 

 

The linearity of the temperature distribution on a vertical line for two models is examined 

in Figure 4.17. The insertion shows the temperature near the hot wall. The blue lines represent the 

numerical results and the red lines are linear fitting to the computed results. In agreement with the 

results of Figure 4.15, the temperature profile in the new model is completely linear which 

indicates the pure heat conduction. 
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(a) previous model 

 

(b) new model 

Figure 4.17: Temperature profile on a vertical line between hot and cold sides of the cell 

 

4.5.2. Effect of inclination 

Figure 4.18 illustrates an inclined cell. The incident beam is perpendicular to plane xy and 

parallel to z axis. Different angles of inclination were tested. Figure 4.19 shows the velocity 
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contour in different inclination of the cell computed numerically. In all cases convection is 

considerably more pronounced than in case of no inclination. Because of the no-slip condition, the 

fluid has zero velocity on the walls. By moving towards upper and lower walls velocity increases. 

For angles between zero and 2.5 degree the maximum velocity in the cell occurs close to the right 

lateral wall. However, in the case of 5 o  , the maximum value of the velocity happens in the 

upper region of the central point. In all cases, the motion-free zone is located almost in centre of 

the cavity. By increasing the inclination of the cell, the area of the motion-free zone diminishes.  

 

Figure 4.18: Tilted cell 

Figure 4.20 shows the velocity profile on a vertical line in middle of the cell for different 

angles. Even 0.5 degree of inclination causes a noticeable increase in velocity and it means that 

installation must be done very carefully to avoid any inclination and the cell must not be tilted at 

all. However, as mentioned earlier, the weakest region in term of the velocity is located in the 

centre of the cell. The isotherms established in the mixture for different inclinations are illustrated 

in Figure 4.21. In case of no inclination, the isotherms are almost straight and horizontal. However, 

the isotherms are curved at the points of the connection of the cavity and the filling channels. These 

curvatures of the isotherms are observed at upper right and lower left of the cavity. 

By increasing the inclination, the horizontal shape of the isotherms is disturbed and a 

temperature gradient in x direction is established. This effect is more profound near the lateral 

walls. This temperature gradient near the lateral walls leads to heat transfer between the mixture 

and the quartz frame. The lateral heat fluxes generate more convection near the walls. Moreover, 
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the velocity contours confirm the fact that in the inclined cell the convection is more significant 

near the lateral walls. 

 

Figure 4.20: Velocity on center line for different inclinations of the cell 

 

 

  

0   (b) 0.5 o   

  

1o   2.5 o   

 

5 o   

Figure 4.19: Velocity contour in the cell with different inclinations (a)Theta=0, (b) Theta=0.5, 

(c) Theta=1, (d) Theta=2.5, (e) Theta=5 degree 
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Figure 4.21: Isotherms in the mixture in different inclination 

 

4.6. EXPERIMENTAL RESULTS 

The experimentally measured concentration distribution in the previous cell is shown in 

Figure 4.22 (a). Note that the vertical dark lines are defects of the image processing and the actual 

contour does not include such lines. Significant disturbed regions are detected in the corners which 

indicates noticeable vortexes of motion. The vertical concentration profile at centre of the cell is 

plotted in Figure 4.22 (b). As seen, there is only a small region of linear concentration distribution. 

This region can be addressed as the motion free zone. However this is dramatically small and can 

0 

2.5 o 

5 o 
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be affected by the surrounding convective motions. The vertical temperature profile shown in 

Figure 4.23 (a) with solid blue line is disturbed near the hot and cold sides. These deviations from 

the linearity reveals convections which are more profound near the top and bottom boundaries. 

The linearity of the temperature profile of new cell and the corresponding concentration 

distribution shown in Figure 4.24 confirmed this statement that by having a more linear 

temperature profile, weaker convections must be experienced. 

 

(a) distribution in the whole cell 

 

(b) distribution on a vertical lie in centre of the cell 

Figure 4.22: Concentration field in the previous design  
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(b) previous design 

 

(b) new design 

Figure 4.23: Temperature profile 
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(a) distribution in the whole cell 

 

(b) distribution on a vertical lie in centre of the cell 

Figure 4.24: Concentration field in the new design 

4.6.1. Soret coefficient, ST 

The evolutions of the concentration difference between the hot and cold sides (i.e. the 

maximum separation) are shown in Figure 4.25. The cell with height of 5mm reaches the steady 

state after about 600 minutes. By decreasing the height of the cell the diffusion characteristic time 

decreases based on Equation (4.13).  

2 /D H D   
(4.13) 

where H is height of the cell and D is diffusion coefficient which is constant. The system 

with the shorter cell becomes steady after 200 minutes. The experimental results are tabulated in 

Table 4.3. The results of the new design are in a great agreement with the values of the benchmark 

[60] with standard deviation of 5.8% while the previous cell has results smaller than the 
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benchmark’s. Due to the strong convective motions in the previous model, the separation of the 

components was not done properly while in the new design the problem of convection was solved 

and separation occurred without the interference of the residual convections. 

 

(a) previous design 

 

(b) new design 

Figure 4.25: Evolution of maximum separation 
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Table 4.3: Experimental results 

cell 3
max /10C   T  

3/10TS 
[K-1] 

previous design 1.49 5.06 1.09 0.16  

new design 5.43 2.33 9.32 0.1  

 

4.6.2. Effect of inclination 

Six different degrees of inclination were studied: zero (aligned horizontally), 0.5, 1, 1.5, 2, 

and 2.5 degree.  

As shown in Figure 4.24 (a), in a horizontal cell, the concentration varies with the height. 

By performing the experiment with an inclined cell, the horizontal nature of the layers is disturbed. 

Figure 4.26 depicts the steady concentration field after thermal diffusion time for different angles 

of inclination. As seen, by increasing the angle of inclination, the layers of the concentration lose 

their horizontal nature. 

Figure 4.27 illustrates the concentration profile along the height of the cell for different 

inclinations of the cell. By increasing the degree of the inclination, the linearity of the 

concentration decreases which means the raise in the convection residuals. Thus, the assumption 

of the pure conduction cannot be applied to the problem anymore and the Soret coefficient is not 

defined for the case. In conclusion, an inclined cell cannot be used to measure the Soret coefficient 

and aligning the cell for the Soret experiment is crucial. 
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(a) half (b) 1 degree 

  

(c) 2 degree (d) 2.5 degree 

Figure 4.26: Concentration contour at different inclinations of the cell 

 

 

Figure 4.27: Concentration profile at different inclinations of the cell 
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4.7. CONCLUSIONS  

Optical interferometry technique with MZI arrangement was used to measure thermal 

diffusion in binary hydrocarbon mixture composed of THN and C12 at the mean temperature of 

25°C. The thermal design of the cell filled with the mixture was investigated numerically and 

finally, for the first time, the effect of the inclination of the cell on the segregation of the 

components was studied.  

In the optical interferometry techniques, beam deflection is a deleterious effect and must 

be avoided. By increasing the gradient of the refractive index the beam deflection rises. Thus, this 

error increases by rising the temperature gradient and increasing the optical path in the cell. It was 

experimentally shown that by adjusting the focal plane of the plano-convex lens on the inner side 

of the glass wall near the CCD camera, the beam deflection problem can be minimized. Another 

interferometry-related factor that could cause errors in measurement is the angle between the cell 

and the incident beam. This angle must be 90° always. If the beam was not perpendicular to the 

cell, then the assumption of constant refractive index along the beam would not be true anymore. 

A tilt stage along with a rotary stage are used to adjust the cell perpendicular to the incident beam. 

Formation of the air bubbles during the experiment disturbs the experiment and the 

separation process is prevented by the Marangoni convection. In the new design of the cell with 

flat copper blocks and degassing the mixture from upper filling channel, no more bubble was 

formed and the problem was fixed. The new design of the cell established more linear temperature 

and concentration profiles compared to those formed in the previous design. In result the measured 

Soret coefficient was in agreement with the benchmark values within the experimental errors. 

Finally, it was found that by tilting the cell the convective motions grow which is 

undesirable in convectionless experiments. Thus it is essential to align the cell completely 

horizontal without any inclination in order to measure thermal diffusion properly.  
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5. DATA PROCESSING AND ERROR ANALYSIS FOR 

BINARY AND TERNARY MIXTURES 

5.1. INTRODUCTION 

In the Soret convectionless experiments, external mechanical forces must be avoided. 

Interferometry is a non-intrusive technique and it does not include use of any moving parts, which 

does not add to mechanical forces on the measurement cell. In addition, by using this technique, 

transient thermal diffusion can be studied and the temperature and concentration profiles in the 

entire cell are obtained. Because of these advantages, the Mach-Zehnder arrangement of 

interferometry was chosen as the experimental method of the present study. Briefly, two coherent 

light waves (the reference beam and the object beam) overlap, and a fringe pattern is produced. In 

the Mach-Zehnder arrangement, the reference beam passes through the undisturbed environment, 

while the object beam passes through the test cell. Due to the phase difference between the object 

and reference beams, a periodic intensity pattern called a fringe pattern, is established and captured 

by the CCD camera. 

The refractive index of the working liquid mixture varies with changes in the concentration 

and temperature of the mixture. The change in the index of refraction causes a phase change in the 

beam, which appears as fringes. For instance, Figure 5.1(a) illustrates a fringe pattern of a cell with 

sides at the same temperature of 25 degrees Celsius, and Figure 5.1(b) depicts the fringe pattern 

after establishing a temperature gradient of 2.5 degrees Celsius between the top and bottom sides 

of the cell. The thickness of the fringes decreased by applying the temperature gradient and the 

number of fringes increased. By increasing the temperature difference, the fringe spacing 

decreases. This decrease in the thickness of the fringes is also happen by increasing the optical 

path difference between objective and reference beam e. g. by increasing the length of the cell. 

The next step is to analyse the fringe patterns and extract the phase information. There are 

different techniques available for image processing. However, the two most important methods are 

two-dimensional fast Fourier transformation (2D-FFT) and phase-shifting. The accuracy of 2D-

FFT is between 2 / 50  and 2 /100 . Mialdun and Shevtsova [65] developed an Interferometric 
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technique along with an FFT image processing method to measure the Soret coefficients of 

hydrocarbon mixtures and named it optical digital interferometry (ODI). Later on, Torres et al. [6] 

applied a phase-shifting method to enhance the precision of calculating the phase shifts of the 

fringe patterns. In the present study, a 2D-FFT technique has been chosen in order to process the 

images and calculate the temperature and concentration profiles, and with further calculation the 

Soret coefficient was obtained. Figure 5.2 depicts the steps of the fringe processing used in this 

study. 

 

(a) 

 

(b) 

Figure 5.1: Fringe pattern in the mixture established because of optical path difference 

between Mach-Zehnder arms: (a) no temperature gradient between the sides, (b) 2.5 degree 

Celsius difference between the top and cold side. 
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Rahman and Saghir [78] used ODI for ground based measurement of the Soret coefficients 

of binary hydrocarbon mixtures and compared the results with the values of Fontainebleau 

benchmark. The error bar of the Soret coefficient corresponding to the binary mixture of THN-C12 

is 0.5 . The method of root sum square (RSS) was used in [78] to calculate the error. The same 

method is used to find the error value in ternary systems.  

5.2. CHAPTER AIMS 

The main goal of the present chapter is to describe the method used to extract temperature 

and concentration fields from the fringe patterns. The different steps of the image processing for 

 

Figure 5.2: Extracting information for the fringe patterns using FFT method 
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the binary and ternary mixtures is discussed in details. The subtraction of the images to cross out 

the undesirable phase shifts is presented. Finally, the uncertainty analysis is explained. 

 

5.3. DATA ANALYSIS 

Light has the fastest speed in the vacuum while it slows down passing through materials. 

Refractive index or index of refraction is used to show that how much light is refracted in a specific 

medium and is defined as: 

c
n

v
  

 

(5.1) 

Where v is the speed of the light in the medium and c is the vacuum speed of the light. 

Table 5.1 presents the refractive indices of some common liquids at a temperature of 20 

degrees Celsius and wavelength of 589.29 nm. The value of n in a specific medium can depend on 

the wavelength of the light. The refractive index of a mixture also depends on its temperature and 

concentration. Thus, a liquid with a temperature profile has different refractive indices across the 

profile. The variation of the index of refraction with temperature is used in optical techniques in 

order to experimentally study heat and mass transfer in transparent liquids. In other words, the 

variation of the temperature and the concentration in a mixture establishes a spatial variation of 

the index of refraction and a corresponding phase shift in laser light passing through it. By means 

of optical interferometry and finding the phase shift, the temperature and concentration field can 

be found. 

Table 5.1: Refractive index of some common liquids at 20 °C and wavelength of 589.29 nm 

Material Refractive index, n 

Benzene 1.501 

Carbon disulfide 1.628 

Carbon tetrachloride 1.461 

Ethanol 1.361 

Water 1.3330 



 
70 

To find the variation of the refractive index caused by the temperature and the 

concentration, for a given wavelength, the following equations are used: 

Binary systems:  
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(5.2) 

where 1ref  phase change in the first reference image including the phase change in 

optical instruments. The second reference 2ref  contains phase changes in thermal time and 

glass as well as 1ref . These reference images are described in more details in section 5.3.1. 

Ternary systems: 

1 2
1 2, , ,10 20 0 20 0 10
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 are the variation of the refractive index with the 

temperature and the concentration, respectively, and named contrast factors. These values were 

obtained from [84] and [85]. 
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Where ci indicates the mass fraction of the component i (c1+c2+c3=1). The values of ak for 

two wavelengths are presented in Table 5.2. The corresponding contrast factors are accurate for 

mixtures containing THN higher than 75%. For mixtures with lower content of THN Equation 

(5.5) is not recommended and there is no other reference available in the literature.  

 

5.3.1. Subtraction of the reference image 

The phase pattern obtained from the fringes has information about several parameters. The 

parameters of interest are temperature ad concentration. Thus, the remained must be somehow 

subtracted. The following equation shows the parameters affecting the phase pattern. In each step 

of the experiment, one or more of them can be involved. 

Table 5.2: akvalues for Equation (5.5) 

 

1
2c

n
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wavelength 925 nm 670 nm 925 nm 670 nm 925 nm 670 nm 

0a  0.085095 0.086586 0.045621 0.049960 - 0.058497 - 0.058599 

1a  0.033512 0.040227 0.032737 0.046352 0.034343 0.046683 

2a  0.000348 - 0.023488 - 0.018378 - 0.049073 - 0.018350 - 0.056080 

3a  0.003391 0.025903 0.013930 0.034332 0.003030 0.028371 

4a  0.040245 0.059863 0.033512 0.040227 0.019254 0.006907 

5a  -0.000571 - 0.018788 0.000696 - 0.046976 - 0.006807 - 0.048547 

6a  0.023952 0.049013 0.010174 0.077709 - 0.006490 0.067400 

7a  0.008975 - 0.038427 - 0.000285 - 0.009394 - 0.020961 0.010644 

8a  0.039532 0.066725 0.023952 0.049013 - 0.008292 0.020922 

9a  0.016207 0.050613 0.013177 0.022242 0.011767 - 0.009609 
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optics glass th C           

 

(5.6) 

 

To explain the subtraction process, a typical example of binary experiments is described 

here.  

After installing the cell on the bench in the Mach-Zehnder setup, the mean temperature is 

applied to the top and bottom sides of the cell. The first image is taken after 20 minutes. At this 

time, it is assumed that the whole mixture is at 25 °C. This fringe pattern is the first reference 

image. The corresponding phase pattern includes information about the phase change due to the 

optical instruments. As the beam passes through the optical elements, it is distorted and phase 

change happens.  

1Ref optics        

 

(5.7) 

After a few minutes, the temperature gradient is applied to the cell. The time takes that a 

steady temperature profile established is named the thermal characteristic time, th : 

 

2 /th h   

 

(5.8) 

where h is the height of the cell, and   is the thermal diffusivity of the mixture. A thermal 

characteristic time is approximately 3-4 minutes. The phase pattern during this period of the 

experiment has the information about the temperature in the mixture as well as temperature in the 

liquid. However, due to the longer diffusion characteristic time, D , the contribution of the 

concentration to the phase change is negligible.  

 

2 /D h D   

 

(5.9) 
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where D is the diffusion coefficient. For the benchmark mixtures, thermal time is 3-4 

minutes while the diffusion time is about 12 hours. Therefore, separation of the components occurs 

much slower than the formation of a steady temperature profile. 

During the thermal time, as the concentration contribution to the phase change is ignored, 

the refractive index variation is due only to the temperature variation and Equation (5.2) is 

simplified to: 

, ,

( , ) ( , )
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n
n x z T x z
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(5.10) 

The temperature profile in the glass is linear: 

 0 0.5glassT T T z h    

 

(5.11) 

The contribution of the changes in glassT  to the phase change is: 
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(5.12) 

The temperature profile in the mixture is found as follows: 
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ref glass

n
T T

L T


  




 

           
 (5.13) 

From this point on, the temperature has no more contribution to the phase variation. A 

second reference image is taken at the end of the thermal characteristic time.  

2 1ref Ref glass th         

 

(5.14) 
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The last equation has the information of all factors that affect the phase except the 

concentration. Thus, any phase change that occurs after this point in time, is caused only by the 

concentration gradient. 
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(5.15) 

5.4. ERROR ANALYSIS 

The main goal of this section is to find the uncertainty in the measurement of the Soret 

coefficients, concentration and temperature distributions of both binary and ternary systems. The 

parameters and their associated uncertainties are listed in Table 5.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

If R is a calculated value obtained from experiments, and x1, x2,…, xn  are the independent 

parameters, by using the root-sum-square method, the uncertainty of R can be found: 

 

Table 5.3: Measured values and their estimated uncertainties 

Parameter Symbol Measured value 
Absolute 

uncertainty ( ix ) 

Temperature (using 

thermistor) 
T 25 Celsius 0.01  

Concentration c 2.50 grams 0.0002 

Height of cell H 2.5 and 5 mm 55 10   

Length of cell L 10 and 15 mm 55 10   

Wavelength   632.8 and 940 nm 0.1nm  
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(5.16) 

where 1 2, ,..., nx x x    are the random uncertainties.  

5.4.1. Uncertainty of  temperature 

The temperature along the vertical cross section in the centre of the cell is calculated as 

follows: 

 

0T T T   

 

(5.17) 
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(5.18) 

 

The related uncertainty is calculated as follows: 

0( ) ( ) ( )T T T      

 

(5.19) 

 

where 0( )T  is the uncertainty of the mean temperature measured by the thermistor. It is 

known to be 0.01 °C. By applying the RSS method to Equation (5.18), the uncertainty of T  is 

found: 
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(5.20) 

 

n  is obtained from interferometry and the calculated phase change: 

2
n
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(5.21) 

 

The related uncertainty is calculated as follows: 
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(5.22) 

 

As seen in Equation (5.22), the uncertainty of n  is a function of the phase change, which 

varies during the experiment. 

Figure 5.3 illustrates the temperature profile on a vertical line at center of the cell with the 

corresponding error bars. 
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Figure 5.3: Temperature distribution along the vertical line in the centre of the cell with 

error bars 

 

5.4.2. Uncertainty of concentration 

The concentration along the vertical in centre of the cell is calculated as follows: 

0c c c   

 

(5.23) 
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(5.24) 

 

The related uncertainty is calculated as follows: 

0( ) ( ) ( )c c c      

 

(5.25) 
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0( )C  is the uncertainty of the mean concentration as measured by the weight 

measurement on the weight scale, which is 2e-4. 

By applying the RSS method to Equation (5.18) the uncertainty of T  is found: 
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(5.26) 

 

5.4.3. Uncertainty of the Soret coefficient 

By applying the root sum square (RSS) method to the equation for the Soret coefficient, 

the uncertainty of the Soret coefficient measurement is obtained: 
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(5.27) 

 

For the binary mixtures that are being used in this study, the mass fraction is 0.50. 

Therefore, 

  2
0 0 01c c c   

2 2 2

02 2 2 3
0 0 0

1 1 1 2
( ) . ( ) . ( ) . ( )T

c c
S Sqrt c T c

T Tc c T c
   

                                  

 

 

(5.28) 

 

Figure 5.4 depicts the evolution of the maximum concentration difference between the hot 

and cold sides of the cell with the corresponding error bars. 
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Figure 5.4: The evolution of the concentration difference between the hot and cold sides with 

error bars 

5.4.4. Uncertainty in the concentration difference in ternary mixtures 

As discussed earlier, in ternary systems, the changes of the refractive index obtained from 

two different wavelengths are defined as follows: 
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Thus, the changes of the concentration of the two components are calculated as 

 (5.31) 
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By applying the RSS method to Equation (5.25), the uncertainty of  is obtained. The 

same expression can be used to find . 

 

 

 

(5.33) 
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The calculated parameters and the related uncertainties are tabulated in Table 5.4. 
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Table 5.4: Calculated uncertainties 

( )n   63.18 10   

 T    0.0238 

( )C   55 10   

( )TS  58.3 10   
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5.5. CONCLUSIONS 

By image processing the captured fringe patterns from interferometry, the variations of the 

refractive index were obtained. Thereafter, the concentration and temperature fields were found 

from the refractive index changes. 2-D FFT method was used to extract the information from the 

fringe patterns. Afterwards, the uncertainty of experimental measurement was analysed by using 

root-sum-square method. The accuracy of the measured temperature, concentration and Soret 

coefficient for binary and ternary mixtures were calculated and the error bars were shown on 

temperature and concentration profiles.  
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6. MEASURED SORET COEFFICIENT FOR TERNARY 

MIXTURES 

6.1. INTRODUCTION 

Binary and ternary hydrocarbon mixtures were used to obtain the corresponding 

concentration profiles and Soret coefficients. The thermal design of the cell was studied earlier in 

chapter 4. The effect of the inclination was also presented. 

The binary mixture of THN-C12 with a mass fraction of 50/50 was used to validate the 

experimental setup and the measurement technique. This mixture - has been well-studied, and the 

Soret coefficient is available as a Fontainebleau benchmark.  

The Soret effect studied in five ternary hydrocarbon mixtures composed of THN-IBB-C12 

with mass fractions of: 80/10/10, 70/10/20, 73.4/10.3/16.3, 71.8/20.2/8, 81.9/10/8.1.The Soret 

coefficient and concentration profile were measured. The first mass fraction has been already 

studied by other research groups and the measured Soret coefficients are available in the literature. 

The reason of testing this mixture again, was to validate the experiment setup used in the current 

study. This is the first detailed report on the other four the compositions using ground based optical 

interferometry.  

6.2. CHAPTER AIMS 

In the current chapter, experimental results for the ternary systems are presented. Using the 

results for the binary mixture, it is shown that the experimental measurements were validated by 

comparing to the published benchmark values. Finally, the results from the ternary system 

experiments are presented and discussed. The proposed values of ST are tabulated. 

6.3. VALIDATION 

The preliminary tests were done on the binary mixture of THN-C12 with a mass fraction of 

50/50 at a mean temperature of 25 °C. The obtained fringe patterns are shown in Figure 6.1. During 

the first few minutes of the experiment, when the sides were still at the same temperature and the 

temperature gradient had not yet been applied, the fringes were thick. As soon as the temperature 
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gradient was applied, the fringes became thinner. The thickness of the fringes was a function of 

the refractive index, which varied with temperature and concentration. 

 

 

(a) 

 

(b) 

Figure 6.1: Fringe pattern of a binary mixture under (a) isothermal conditions (b) with a 

temperature gradient 

By using 2D-FFT method, the phase distribution of the fringe patterns was extracted. The 

unwrapped phase band of a randomly chosen fringe pattern of the cell with a temperature gradient 

is shown in Figure 6.2. The phase value in each pixel was used to find the temperature and 

concentration in that pixel. 
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Figure 6.2: Unwrapped phase band including information about temperature and 

concentration profiles 

As discussed earlier in chapter 5, the contribution of the concentration variation to the 

refractive index during the thermal time is negligible. This phenomenon can be observed in the 

evolution of the refractive index as shown in Figure 6.3. Each point on the trend line represents 

the difference between the refractive indices at the hot and cold sides at a certain time 

( hot coldn n n   ). There was a sudden increase in n  at time = 4 min. This sharp jump occurred 

right after application of the temperature gradient. After establishing a steady temperature gradient 

in the mixture after 3 minutes, n  increased gradually and slowly through the next 200 minutes 

due to the separation of the components. By using this information, the refractive index values of 

the first 7 images were used to find the temperature profile from Equation 5.10. The CCD camera 

took a picture every minute. Therefore, picture number 7 represents the seventh minute from the 

zero time. 

The temperature distribution in the cell at different times is shown in Figure 6.4. The first 

image shows the stationary temperature field in the cell. The next image shows the temperature 

distribution after the temperature gradient was established. The unclear distribution of the 

temperature near the hot side and left lower corner were due to defects in the image processing. 
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Figure 6.3: Evolution of the refractive index vs. time 

 

(a) 

 

(b) 

Figure 6.4: Temperature distribution obtained experimentally at (a) t = 0 and (b) t = 7 minutes 
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Figure 6.5 depicts the temperature profile on a vertical line at the centre of the cell from 

bottom to top. The profile was approximately linear, which describes an almost purely conductive 

heat transfer in the mixture with minimal convection motions. 

 

 

Figure 6.5: Temperature profile from the cold side to the hot side 

The concentration fields at different times during the separation time are illustrated in 

Figure 6.6. Figure 6.6(a) shows a uniform field of the concentration distribution in the cavity before 

application of the temperature gradient. The uniform distribution of the components at this time 

shows that the separation had not commenced. Figure 6.6(b) depicts the concentration field after 

150 minutes. The temperature field was established after approximately 14 minutes of the start 

point of the experiment. After 150 minutes, the components have been separated, but the separation 

had not yet reached a steady state. After 200 minutes, the system reached the steady state, which 

is shown in Figure 6.6(c). 

Figure 6.7 shows the concentration variation along a vertical line at the centre of the cell 

from bottom to top at different time steps. The values were averaged along the horizontal direction. 

The yellow and the black lines represent the concentration profiles after 150 and 200 minutes, 

respectively. The regions near the hot and cold sides were experiencing a non-linear concentration 

profile and were cropped out. Only the linear parts were used to calculate the Soret coefficients. 
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The non-linearity of the concentration profile was due the convection residuals near the hot and 

cold sides. 

Figure 6.8 shows the evolution of C of the binary benchmark mixture of THN-C12 with 

a mass fraction of 50/50 at the average temperature of 25 °C. The maximum separation was 

32.5 10 . 

 
(a) 10 min 

 
(b) 150 min 

 
(c) 200 min 

Figure 6.6: Concentration contour at different times 



 
88 

 

Figure 6.7: Concentration profile at different times 

 

Figure 6.8: Evolution of C  of the THN-C12 mixture 

 

The measurement technique was validated by comparing to the results presented in [65], 

which have been validated by the Fontainebleau benchmark.  However, the height of the cell in 
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the present study was shorter. Therefore, the time needed to reach steady state was also shorter. 

The thermal diffusion time was estimated as 

 

2

2

h

D



  

 

(6.1) 

The height of the cell in the present study was almost half of the one used in [65]. Therefore, 

it was expected that we would achieve the maximum separation of components in one fourth of 

the time needed than if the cell had a height of 5 mm. Figure 6.9 compares the evolution of C  

obtained in [65] and in the present study. The thermal diffusion time for the cell with height of 5 

mm is about 800 minutes. As expected, the thermal time was shorter in the present study, at about 

200 minutes. However, the maximum separation in the current cell was smaller due to the smaller 

temperature gradient. The Soret coefficients obtained in this study and those from the literature are 

shown in Figure 6.9. A good agreement with the literature was obtained. 

 

 

(a) (b) 

Figure 6.9: Evolution of the concentration difference between hot and cold walls (a) result of 

[65], (b) result of the current study 
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6.4. TERNARY SYSTEMS 

The experimental procedure for the ternary mixture was almost same as the binary 

experiments, including the isothermal and thermal diffusion steps.  

The distribution of the concentration is calculated after the steady temperature gradient is 

established. For all the mixtures in the present study, the separation continued for almost 250 

minutes. The measured concentration differences between the hot and cold walls ( hot coldC C ) at 

the maximum separation point are presented in Table 6.1. The separation of THN towards the cold 

side indicates a positive Soret effect while the positive concentration difference for the other 

components shows a negative effect. Ahadi et al. [72] noticed a same behaviour for the components 

in the mixture with mass fraction of 10/80/10. The corresponding temperature gradients presented 

in Table 6.1 are not equal for different mixtures. The reason of the non-equal temperature gradients 

is the different cropped area for each case. The region near hot and cold walls affected by the beam 

deflection problem is different for each case. Thus the cropped area has not the same size for all 

cases. Consequently, the temperature gradient between the boundaries of a smaller cropped region 

is smaller than the total applied temperature difference. 

Table 6.1: Maximum separation and corresponding temperature gradient for different 

compositions 

Mixture# 1 2 3 4 5 

3
max 10THNC  

 
-1.98 -4.148 -3.80 -2.51 -2.68 

3
max 10IBBC  

 
0.64 2.75 2.4 1.66 1.77 

( )T K  1.59 1.60 1.23 1.60 2.17 

 

6.5. DETERMINATION OF SORET COEFFICIENT, ST 

The Soret coefficient of the mixture with composition of 0.80/0.1/0.1 was previously 

studied by other researchers [86-91] and this mixture was investigated again in the current study 

in order to validate the experiments. However, this is the first report on the Soret coefficient of the 

other four mixtures. The Soret coefficient for each component is calculated as follows: 
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max
T

C
S

T


 

  

(6.2) 

The repeatability of the experiments was checked by repeating the test for each mixture 

three times. The mean value of the Soret coefficient for the 0.80/0.10/0.10 mixture and the 

benchmark values are presented in Table 6.2. The good agreement between the results of the 

current study and the benchmark values proves the validity of the experiments. 

The proposed mean values of the Soret coefficient for the other mixtures are presented in 

Table 6.3. In all cases THN has a positive Soret coefficient while the other two components have 

negative values of ST. The concentration difference of the third component (C12) is obtained from 

12
0THN IBB CC C C    and then by using Equation (6.2), 12C

TS  is calculated.  

Table 6.2: Measured and benchmark values of Soret coefficient for 0.80/0.10/0.10 mixture 

Measured values of 
3 110 [ ]TS K   Benchmark values of 

3 110 [ ]TS K  [89] 

THN IBB C12 THN IBB C12 

1.24±0.090 -0.40±0.075 -0.84±0.083 1.40 ± 0.16 −0.57 ± 0.26 −0.83 ± 0.10 

 

Table 6.3: Measured Soret coefficient for the new mixtures 

mixture number 3 110 [ ]THN
TS K   3 110 [ ]IBB

TS K   3 112 10 [ ]
C
TS K   

2 2.66 0.051  1.76 0.060   -0.90±0.055 

3 2.92 0.095  1.87 0.080   -1.05±0.86 

4 1.52 0.079  1.0 0.048   -0.52±0.065 

5 1.2 0.075  0.80 0.061   -0.40±0.068 

 

6.6. CONCLUSION 

The experimental results of measurements of Soret coefficients of both the binary and 

ternary systems were presented in this chapter. To validate the experimental setup and the newly 

designed cell, the binary mixture of THN-C12 with a mass fraction of 50/50 was used. The Soret 

coefficient of this mixture is available in the Fontainebleau benchmark. The experimental results 

showed a good agreement.  
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The effect of the inclination of the cell on the separation and the concentration field were 

studied. The concentration fields in different inclinations were measured. The concentration profile 

along the vertical line at different inclinations were plotted from interferometric data. The non-

linearity of the concentration profile showed that it is necessary to have precise alignment of the 

cell for the measurement of the Soret coefficient. 

The ternary mixtures of THN-IBB-C12 with a mass fractions of: 80/10/10, 70/10/20, 

73.4/10.3/16.3, 71.8/20.2/8, 81.9/10/8.1 at the mean temperature of 25 °C were studied to obtain 

the Soret coefficients. The results for 80/10/10 were in good agreement with the results of the other 

research laboratories. The Soret coefficients of the other four compositions were obtained and 

proposed for the first time. 
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7. CONCLUSIONS AND FUTURE RECOMMENDATIONS 

7.1. CONCLUSIONS 

The importance of the Soret effect or thermal diffusion in the oil industry has led to several 

different investigations to find the concentration field affected by the Soret effect in hydrocarbon 

mixtures. Finding the Soret coefficient is one of the goals of such studies. Soret coefficient is 

defined as the ratio of thermal diffusion coefficient to the ratio of diffusion coefficient. Thermal 

diffusion experiments are categorized into two main groups: convective coupling and 

convectionless methods. In convective coupling methods separation of the components is induced 

by natural convection and thermal diffusion while in the convectionless techniques, natural 

convection is an undesirable effect and prevents the segregation. A series of experiments were 

performed in space by researches in order to avoid the convective motions. Hydrocarbon mixtures 

were cases of study. The tested mixture was placed in a cubic cavity named Soret cell and heated 

from above. Interferometry setup was used as the measurement tool. Although the obtained 

information were reliable and accurate, but the experiments in space are too expensive.  

In the present study, the convectionless ground based experiments were performed to 

measure thermal diffusion in hydrocarbon mixtures. However, the Soret cell used in space was not 

optimized for ground based experiments and it suffered from free convections in the mixture. The 

goal of this study was to redesign a Soret cell and overcome this problem. A set of numerical 

studies were done to optimize the thermal design of the cell. The numerical results showed that the 

temperature profile in the mixture was more linear in the new design compared to that in the 

previous design. More linearity of the temperature profile leads to weaker free convections.  

After numerical analyses, the cell was manufactured and in the next step, experimental 

investigations were performed on both cells. The optical interferometry technique with Mach-

Zehnder arrangement was used to measure concentration and temperature fields. This technique is 

non-intrusive, which is highly beneficial to the convectionless Soret tests. Furthermore, the 

concentration and temperature fields can be obtained in all points of the test section at every 

moment of the experiment. This technique is based on the optical path difference between two 
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coherent laser beams. These two beams are split from one single beam by a plano-convex lens. 

The objective beam traverses the test section and the reference beam passes the free environment. 

The variation of the index of refraction due to the concentration and temperature variations cause 

the optical path difference. The beams are recombined again at a second plano-convex lens, and 

the recombined beam is imaged as the fringe patterns that are recorded by a CCD camera. Thus, 

each recorded fringe pattern has information about the temperature and concentration field at the 

time that the image is recorded. Through image processing, the information can be extracted. 

The fast Fourier transform method (FFT) was used to extract the information. The phase 

band obtained from FFT was unwrapped, and the variation of the index of refraction was found. 

The hydrocarbon mixture composed from THN and C12 was used as the binary mixture. This 

mixture was previously studied by other research groups and the Soret coefficients are available 

in the literature in a benchmark. The measured results using the new design cell are in a good 

agreement with the benchmark values within the experimental errors while using the space cell in 

ground conditions did not reveal correct results. In result, the cell was optimized successfully and 

made ready for further ground-based experiments.  

The next goal of this study was to investigate the effect of the inclination of the cell on the 

separation of the components. This effect had been ignored in other studies and, based on the 

achieved results, it is strongly believed that deleterious motions are formed due to the 

misalignment of the cell. The Soret cell was installed on the optical bench at different angles to 

study the effect of the inclination. The numerical results showed that by inclining the cell with only 

half a degree of inclination, convective motions grew significantly. The experimental results 

showed that the separation occurred linearly when the cell is leveled while the concentration fields 

suggested that there were strong convections in the inclined cell. Thus, it was proved that how 

essential it is to align the cell properly with zero degree inclination in order to perform the 

experiments properly. 

Finally, ternary hydrocarbon mixture composed of THN-IBB-C12 with five different mass 

fractions of: 80/10/10, 70/10/20, 73.4/10.3/16.3, 71.8/20.2/8, 81.9/10/8.1 were studied at the mean 

temperature of 25 °C. The new optimized cell was used to place the mixtures inside. The Mach-

Zehnder arrangement of interferometry with two laser sources with different wavelengths was used 

to conduct the experiments. The measured Soret coefficients of 80/10/10 were in a good agreement 

with the other benchmark values. It was the first time that the Soret coefficient of the other four 
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mixtures were measured and the new values were proposed as a contribution to the benchmark 

values of Soret coefficient for hydrocarbon mixtures.  

7.2. CONTRIBUTIONS AND FUTURE WORK 

The distribution of hydrocarbon mixtures is crude oil is affected by Soret effect and it is 

very important to measure thermal diffusion in such mixtures. The non-intrusive-nature of the 

interferometry technique has made it one of the most accurate measurement techniques in 

convectionless studies of thermal diffusion. 

In this dissertation the thermal diffusion in binary and ternary hydrocarbon mixtures was 

measured experimentally by using interferometry setup with Mach-Zehnder arrangement. The 

major contributions are: 

 A new Soret cell was designed which was a re-design of a cell used in space 

experiments. With a more linear temperature and concentration profiles and weaker 

velocities compared to the space cell, the new cell is highly efficient for ground-based 

experiment. 

 The effect of the location of the filling channel and height of the cell was studied 

numerically and experimentally. By moving the filling channels to the corners of the 

cavity, a convection free zone was established in centre of the cell. By decreasing the 

height of the cell, the measurement time reduced significantly. 

 The effect of the inclination of the cell on the thermal diffusion was studied for the first 

time. This effect was not taken into account in other studies. It was shown that by 

inclining the cell the deleterious convective motions grew significantly.  

 The optical interferometry setup with Mach-Zehnder arrangement by using two lasers 

with different wavelengths was established for ground-based thermal diffusion 

experiments on transparent ternary mixtures. 

 The concentration and temperature fields for ternary hydrocarbon mixtures composed 

of THN, IBB, and C12 were measured experimentally for five different mass fractions. 

 The Soret coefficients for ternary mixtures with four new mass fractions were measured 

and proposed. The positive Soret coefficient for THN indicates that this component was 

concentrated near the cold side while the other two components with negative Soret 

coefficients migrated toward the hot side. 



 
96 

The following research areas are suggested for future works: 

I. Establishing the ternary mixture-optical setup for ground-based experiment for the first 

time, a field for ternary mixtures has been opened.  

II. There are more mass fraction of ternary mixture composed of THN, IBB, and C12 which 

has not studied yet. The study of concentration and temperature profile of this mass 

fraction in a Soret experiment is recommended. 

III. Based on our literature survey, the temperature and concentration derivatives of 

refractive index (contrast factors) are not available for some mass fractions of the 

hydrocarbon ternary mixtures. This values are required to be able to measure 

concentration and temperature fields by using interferometry technique. Thus, it is 

necessary to measure these values in the future works. 

IV. By having the contrast factors, the Soret coefficient for rest of the mass fractions of 

ternary hydrocarbon mixtures can be measured and a full benchmark of Soret 

coefficient can be provided. 
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