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Abstract

The paper presents the development of an experimental technique based on optical digital interferometry for measuring thermodif-
fusion (Soret) coefficients. The experiments are performed in a cubic cell containing an aqueous solution and being heated from above.
This is the first report on the method that allows to record the temperature and concentration fields in the entire cell rather than just
between two points. Such information is not only available at the steady state, but within the whole diffusion process. The time-depen-
dent evolution of the concentration field allows the measurement of molecular diffusion coefficient in addition to the Soret coefficients.
The measurements of transport coefficients have been performed in water/ethanol mixture and water/isopropanol mixtures.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Molecular diffusion occurs when a concentration gradi-
ent exists in a mixture: the net mass flux tends to decrease
the magnitude of this concentration gradient. The mass
flux in mixtures, which is induced by a temperature gradi-
ent is called the Soret effect or thermodiffusion. Knowledge
of transport properties in liquid mixtures is important for
applications [1,2].

Transport coefficients in gases can be rather well esti-
mated by kinetic theory but the situation is less favorable
for liquid mixtures. Thermal diffusion in liquids is not so
well understood even for binary mixtures [3–6]. One of
the peculiarities of thermodiffusion in some aqueous solu-
tions and organic mixtures is that the Soret coefficient
may change sign depending on composition and
temperature.

The numerical models based on different assumptions
are not complete and they should be more extensively ver-
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ified by experimental measurements. A variety of different
experimental techniques is used for the measurements of
Soret effect in liquids. Two recent reviews have summarized
the current experimental approach [7,8]. Roughly the
experimental methods can be divided into two classes: (1)
methods that employ the presence of buoyant convection
in the measurements; (2) methods in which buoyant con-
vection plays deleterious role and efforts are done to mini-
mize its effect.

The major part of the second group is the optical meth-
ods which rely on the variation of refractive index with
composition. The main features of optical methods are
non-intrusiveness and sensitivity. A significant advantage
of these methods is the absence of mechanically driven
parts in contact with liquid, so measurements do not dis-
turb the experiment. The main disadvantage is that the
media under investigation must be transparent. Recent
advances in lasers and electronic cameras as well as increas-
ing possibilities of computer-aided data processing have
enabled considerable progress in the development of new
optical measurement techniques along with a revival of tra-
ditional techniques.
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Nomenclature

C concentration, mass fraction of water
D diffusion coefficient
d wall thickness
j flux
L cell size
n refractive index
ST Soret coefficient, eST ¼ ST C0ð1� C0Þ
T temperature
Thot, Tcold temperatures of top ant bottom walls
Tmean = Tcold + DT/2 mean temperature
t time

Greek symbols

DT = (Thot � Tcold) applied temperature difference
Du phase change
k wave length
j heat conductivity
q density
sth thermal time
sD diffusion time
sr relaxation time
v thermal diffusivity
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One of the traditional techniques is a beam-deflection
method, which was used, e.g. by Giglio and Vendramini
[9] to study the buoyancy-driven instability occurring in a
dilute polymer solution characterized by a negative value
of the thermodiffusion ratio. Later on it was adopted by
Kolodner et al. [10] for water/ethanol mixtures. The
beam-deflection technique was improved by Zhang et al.
[11] and applied to measurements of Soret coefficients in
mixtures of toluene and n-hexane. In this technique the
transparent optical (diffusion) cell is filled with the test
liquid and heated from above in order to minimize free
convection. The vertical temperature and concentration
gradients are measured by the deflection of laser beam
(due to the refractive index gradient) propagating through
the liquid mixture parallel to horizontal walls kept at differ-
ent temperatures.

Another optical method employs a transient holo-
graphic technique. It is based on thermal diffusion forced
Rayleigh scattering and is actively used nowadays [12,13].
A grating created by the interference of two laser beams
of equal intensity is written into a sample. A small amount
of dye dissolved in the sample converts the intensity grating
into a temperature grating, which in turn causes a concen-
tration grating by the effect of thermal diffusion. Both grat-
ings contribute to a combined refractive index grating,
which is read by a third laser of different wavelength. Thus,
the light is used to create a temperature gradient inside
small zone of a liquid instead of differentially heated rigid
walls.

It should be mentioned that all these methods measure
only the concentration difference between a hot and a cold
plates/zones or between central line and some point. We
present a method which allows measuring not only DC

between the hot and cold plates, but also the concentration
and temperature distributions along the diffusion path.
Knowledge of the spatial temperature and concentration
fields enables to examine the appearance of convective
flows, to localize them and to study influence of these flows
on the measured values of the Soret and diffusion coeffi-
cients. All methods developed to measure thermodiffusion
coefficients are affected by convection on one or another
scale and to the best of our knowledge such a study of
the role of convection has not been undertaken.

The objective of this paper is to present details of the
development of a new technique based on optical digital
interferometry and to utilize it to investigation of the ther-
mal diffusion process in water/ethanol and water/isopropa-
nol mixtures.

2. Experimental method

2.1. Principle of the experimental method

A new experimental set-up was designed to study heat
and mass transfer in liquids with Soret effect. The suggested
instrument consists of two principal parts: the optical cell
(in some way similar to that used earlier [11,14]) and an
interferometric system in combination with equipment for
digital recording and processing the phase information.
This technique allows performing and reproducing experi-
ments without disturbing the media. The reliability of the
experiments can be improved in an important way by using
statistical means [16,17]. It gives possibility to adopt this
technique for some other purposes, for example to study
hydrodynamic fluctuations [15].

The experiments were performed in a transparent cubic
cell filled initially by a homogenous mixture. The thermal
gradient is imposed by heating and cooling the top and
bottom walls of the cell, respectively. The spatial tempera-
ture variation induces mass transfer through the Soret
effect. An enlarged collimated laser beam traverses the
entire cell perpendicular to the temperature gradient. Both
temperature and composition variations contribute to the
spatial distribution of the refractive index that modulates
the wave-front of the emerging optical beam. Using an
interferometric technique the final wave-front shape is
accurately determined by comparison with undisturbed
shape. The optical interferometer coupled with a digital
recording and processing is used for very accurate determi-
nation of a phase shift. Each interferogram is reconstructed
by performing a 2D fast Fourier transform (FFT) of
the fringe image, filtering a selected band of the spectrum,
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performing an inverse 2D FFT of the filtered result and
phase unwrapping. Knowledge of phase shifts gives infor-
mation about the local gradients of refractive index. Then
the gradients of composition inside of the fluid are calcu-
lated from refractive index gradients and local temperature
both for steady state and dynamic regimes. Thus optical
digital interferometry enabled measurements of DC

between two arbitrary points.
2.2. Experimental set-up

The set-up was developed using the concept of a Mach–
Zehnder interferometer as it is shown in Fig. 1. The light
beam of constant frequency He–Ne laser (wavelength
k = 632.8 nm) is expanded by the spatial filter (L) and then
passes through the beam splitter (BS) where it is splitted
into two beams of equal intensity. One of them goes
through the experimental cell (C). After passing mirrors
(M) the object and reference beams interfere with each
other at the second beam splitter (BS). Finally interference
fringes are captured by the CCD camera (1280 � 1024) pix-
els sensor; image scale is approximately 50 pixels/mm. It is
possible to modify the distance between fringes by chang-
ing the incident angle of the object and the reference beams
by adjusting the inclination angle of one the mirrors M.
The efforts were aimed to decrease this distance to 3–4 pix-
els to obtain the larger number of fringes in the field of
view.

An optical cubic cell of internal size L = 10 mm is made
of quartz Suprasil by the Hellma company. From the first
look the distance L = 10 mm between differently heated
walls is too large for usual diffusion experiments. The pres-
ent configuration enables the study of the temporal and
spatial behavior of the temperature and the concentration
C

M

M

M

CCD

BS

BS

L
laser

Fig. 1. Scheme of the set-up.
fields. On the basis of this knowledge we may adjust optical
part in a best way and improve the thermal design, see dis-
cussion in Section 4. Also this cell size is helpful for identi-
fication and examination of deleterious convection, see
Section 6.1. Having solved all problems and knowing the
weak and strong points of this technique, the cell height
can be diminished at least twice without loosing the quality
of experimental results.

The top and bottom of the cell are kept at constant tem-
peratures (Thot and Tcold, respectively) by Peltier modules
(3 cm � 3 cm) driven by Wavelength Electronics PID tem-
perature controllers. So, the Peltier modules and corre-
spondingly, copper plates, are essentially larger than the
cell. Our observation showed that the stability of tempera-
ture maintained by the controllers is 0.02–0.05 K for
typical experimental time (several days), although manu-
facture company gives value by one order of magnitude
smaller. External sides of Peltier modules are kept as close
as possible to the room temperature by using heat sinks
with small fans. The rotation speed of the fans was opti-
mized with respect to the thermal resistance and the noise
introduced into the optical measurements by the generated
airflows. A filling system for the cell is developed which
allows accurate liquid injection and pressure release when
the liquid is heated up.

To reduce the possibility of convection caused by tem-
perature gradients in horizontal direction the leveling of
the cell has to be checked. The levels of top and bottom
copper plates were checked by cathetometer WILD Heerb-
rugg (Switzerland), model KM 345. With this procedure
the plates were leveled to a maximal inclination of
2.5 ± 0.2 mrad.

The entire set-up was mounted on the optical table
Melles Griot with pneumatic damping control to isolate
it from external mechanical vibrations. To assess the short
term (t 6 5 min) and long-term (t = 120 h) stability of the
interferometer few tests were performed. The set-points
of thermal regulators (for both plates of the cell as well
as for the box regulator) were settled to the same tempera-
ture 299 K. The phase recordings both in the cell and in the
air, close to the cell, were taken every second during 5 min
and every 30 min for 120 h. Our method of extracting the
temperature and concentration from the phase shift needs
only the relative value of the phase. To estimate the relative
value, phase differences between the first record and all
subsequent ones were calculated, D/(x, z, ti) = /(x, z,
ti) � /(x, z, t0). At the next step spatial mean value over
entire field of view was defined

D/meanðt1Þ ¼
1

N

X
i¼1;N

D/ðxi; zi; t1Þ

Then the deviations from mean value were calculated d/(x,
z, t1) = D/(x, z, t1) � D/mean(t1), which were used to deter-
mine the change of refractive index. During the interferom-
eter stability tests the standard Gaussian deviation of the
differences over all pixels was evaluated. For short term
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the standard deviation of the phase is 0.16 rad, while for
long term it is 0.38 rad, DT = 0. Corresponding results in
air displayed much smaller values: 0.02 rad and 0.05 rad.
It results in excellent stability of the phase at this particular
region. The phase shift induced by thermodiffusion process
is at least three order of magnitude larger. We consider that
for proving the long-term mechanical stability it is a satisfac-
tory test. Taking into account the good quality of the laser,
the interferometer stability is mainly related to mechanical
stability. Besides the phase change was measured in the mid-
dle of the experimental cell during �30–50 h (at the end of
experiment) when the steady state in the central part of
the cell was achieved. The measurements showed perfect sta-
bility of the phase at this particular region.

Nevertheless, we decided to perform an extra test to
remove any doubts. This test was performed in air, while
the experiment was running in the cell (DT = 10 K). The
maximal standard deviation of the phase for the long term
test was about 0.5 rad. The measurements were done at the
same point as for DT = 0. Note that the magnitudes of the
measured phase differences of physical quantities are about
350 rad, see Fig. 3.

2.3. Experimental procedure

A typical experiment was carried out as follows. The cell
was filled with a binary mixture and inserted into the exper-
imental structure. Then the Peltier modules established the
temperature of the top and bottom plates equal to the
mean temperature of the planned experiment. A waiting
period of at least 2 h was allowed in order to reach a steady
state. Two thermistors, inserted inside the cold and hot
plates, were used for temperature control. A third thermis-
tor and one thermocouple were utilized for the control of
air temperature. The thermistors were regularly calibrated
using a certified platinum resistance thermometer PT100.
During this procedure all thermistors were placed simulta-
neously in the calibration bath (Thermo Electric, CAL-
31502, USA) the temperature of which was varied in the
working range with the step 2 K. The temperature differ-
ence between plates was maintained with accuracy not less
than 0.01 K.

Before setting DT to a designated value a first image was
acquired at T = Tmean and used for the reconstruction of a
reference phase. This reference interference pattern is
obtained by using both the reference and the object beams.
This interferogram includes all the phase shifts caused
purely by the optical and mechanical elements of the sys-
tem. This knowledge is important for processing all subse-
quent interference images. Immediately after applying the
temperature gradient interferogram acquisition was quite
frequent (1/min during 20 min) to record the developing
thermal field. The time step between image acquisitions
was gradually enlarged up to half an hour for tracking
the much slower thermodiffusion separation. To approach
to the stationary state a typical experimental time was a
few days.
3. Refractive index

After fringe analysis one gets a spatial distribution of the
total phase shift in the object beam caused by the optical
properties of the liquid. Assume that the initial refractive
index of the homogeneous mixture is n0(T0, C0), after a
short period of time the refractive index changes to n(x,
z, t) at the point (x, z) (temperature and concentration var-
iation). The change of the refractive index Dn may be
obtained from the unwrapped phase change Du using the
expression:

Dn ¼ nðx; zÞ � n0 ¼
k

2pL
Du ð1Þ

where k is the wavelength and L is the thickness of the li-
quid in the direction of the optical pathway. For the given
wavelength, the variation of the refractive index includes
temperature and concentration contributions

Dnðx; z; tÞ ¼ on
oT

� �
T 0;C0

DT ðx; z; tÞ þ on
oC

� �
T 0;C0

DCðx; z; tÞ

ð2Þ

where DT(x, z, t) and DC(x, z, t) are temperature and con-
centration variations at point (x, z). For correct measure-
ments we have first to find the optical contribution of the
cell material because the laser beam passes through both
the container and the solution. The total phase shift varia-
tion at the observed point can be written as

Duðx; z; tÞ ¼ Duliquidðx; z; tÞ þ 2Ducellðz; tÞ

In the field of view there are some regions where light beam
goes only through glass (side walls). Having in hands di-
rectly measured Ducell the change of the refractive index
of glass Dncell due to applied temperature difference DT

can be easily evaluated

Dncell ¼
k

2pðLþ 2dÞDucell

where d is the thickness of the cell walls. This experimental
value Dncell can be cross-checked by Eq. (2) using the data
for (on/oT) from the literature while DC = 0. Note, that
(on/oT) coefficient for glass is one order of magnitude less
than for liquid and may be presumed constant in the stud-
ied temperature range.

Refractive index variations (on/oC) and (on/oT) as a
function of mixture composition are shown in Fig. 2 at
the temperature T � 293 K. At first step the data in
Fig. 2 were taken from different sources in literature (see
e.g. [19,18]) and the points of particular interest were veri-
fied by Abbe refractometer operating at wavelength
kD = 589.3 nm. The open circles correspond to our labora-
tory measurements. They are in agreement with generalized
literature data.

Fig. 2a shows that the derivative (on/oC) changes sign
when the mass fraction of water is about 0.08. Since the
magnitude of on/oC in the vicinity of this point is very
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small, measurements based on optical techniques will be
inaccurate. The temperature dependence (on/oT) shown
by Fig. 2b is growing function of water content being neg-
ative on whole range and the order of magnitude is about
�10�4 K�1. The refractive index variations (on/oT) and
(on/oC) are assumed constant for each particular mixture
in the narrow T � C region under investigation
(DT < 10 K, DC < 0.02). To recalculate the data in Fig. 2
to the laser beam wavelength, i.e. k = 632.8 nm, one should
use Cauchy dispersion relations

nðkÞ ¼ n1 þ
A

k2
time [hours]

Fig. 3. Evolution of the phase difference D/ = /bottom � /top with time
during thermodiffusion experiment. Insertion demonstrates the phase
change on short time scale when all changes are only due to the
establishment of temperature gradient; water/isopropanol mixture with
C0 = 0.5.
where two parameters (n1 and A) have to be determined,
see for example [20]. Favourably, the data in literature state
that, at considered temperature range, the difference in
refractive indices of the pure fluids (i.e. water and isopropa-
nol) changes by only 0.2% on going from 589.3 nm to
632.8 nm. At first stage it allows us to consider with a rea-
sonable accuracy that (on/oC) and (on/oT) are independent
of wavelength.

Because two very different time scales are involved in the
process, Eq. (2) can be decomposed. Starting with an iso-
thermal homogeneous binary mixture and applying a tem-
perature gradient a concentration profile will set-up due to
Soret effect. The steady temperature distribution will be
established after a characteristic time sth = L2/v � 770 s
which depends on the size L of the experimental cell and
on the thermal diffusivity v of the binary mixture. Simulta-
neously mass separation occurs along the temperature gra-
dient. However, mass transport is significantly slower than
the thermal process; its characteristic time sD is usually two
orders of magnitude larger than the thermal time sth;
sD = L2/D � 115 � 103 s; here D is the diffusion coefficient.
Thus the temperature dependent component of the refrac-
tive index will reach constant value relatively fast. The
refractive index is calculated from the phase difference,
see Eq. (1). The evolution of the phase difference with
time is shown in Fig. 3 for water/isopropanol mixture with
initial mass fraction of water C = 0.5. The main graph
presents the progress on long time scale and insertion
displays the process on short time scale. The latter one dem-
onstrates that the phase shift achieves the horizontal
plateau corresponding to the establishment of temperature
gradient somewhat in 5 min. From the images recorded
early in time (first 5–10 min) one can define DT(x, z, sth) =
DTref(x, z)

Dnðx; z; tÞ ¼ on
oT

� �
T 0;C0

DT refðx; z; tÞ

and later in time the refractive index will change only due
to the Soret induced variations of concentration field
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Dnðx; z; tÞ ¼ on
oT

� �
T 0;C0

DT refðx; zÞ þ
on
oC

� �
T 0;C0

DCðx; z; tÞ

ð3Þ

The main graph in Fig. 3 demonstrates slow variation of
phase shift due concentration modulation within the mix-
ture with initial water content C0 = 0.5. The visible varia-
tion of the concentration lasts at least 60 h (about two
diffusion time). At the end of the experiment, when the sys-
tem is reverted to an isothermal case DT, the molecular dif-
fusion will progressively reduce the previously established
concentration gradient. Again, the steady temperature dis-
tribution will be rapidly established and we can verify once
more the reference value DTref(x, z).
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4. Environmental conditions

The environmental conditions at which the experiments
are carried out, drastically influence the quality of the
results. Time evolution of concentration differences
between top and bottom within the cell, DC(t), is shown
in Fig. 4 for water/isopropanol system with different mass
fraction of water: C0 = 0.5, 0.6, and 0.7. Discrete symbols
correspond to the numerous experimental points and the
solid lines present the fitting curves according to Eq. (13)
in Section 5. After carefully analyzing these time histories,
i.e. DC = DC(t), we found out that the experimental points
perform periodic oscillations around the fitting curves. The
time scale of the fluctuation periods indicated that they are
related to daily temperature variations. For long duration
experiments of several days it has no dramatic effect, but
for short experiments it may significantly affect the values
of the measured coefficients.

A detailed study was performed to understand the influ-
ence of the environmental conditions on the experimental
results using a water/isopropanol mixture with initial mass
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Fig. 4. Time evolution of concentration separation DC(t) for different
compositions: C0 = 0.5, 0.6, and 0.7 (water/isopropanol system).
fraction C0 = 0.5. Three different types of environmental
conditions were examined: (1) the experimental apparatus
was in open air at room temperature; (2) the entire set-up
was enclosed in a thermostabilized box of size [0.85 m �
0.50 m � 0.30 m] made of heat insulating material. The
temperature inside the box was kept constant by additional
heaters; (3) the entire set-up was enclosed in the same ther-
mostabilized box but with additional shielding plates that
would interrupt the gas flow inside box.

The results from these experiments as the function
DC = DC(t) are shown in Fig. 5a by open circles, filled dots
and open squares, respectively. The number of experimen-
tal points is huge. Solid lines show the fitting curves. To
make the presentation of the results more clear the initial
part of the plot (t < 20 h) is cut off. Unlike other simi-
lar plot for time evolution of DC, shown in Fig. 4, the
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Fig. 5. The role of environmental conditions. Time evolution of (a)
component separation and (b) ambient temperature during
t = 110 h � 35sr � 4sD. Solid curves on the left graph correspond to
interpolations of measured values. Curve 1 and open circles – the cell is in
ambient conditions, curve 2 and filled circles – the cell is placed into a
thermostabilized box, curve 3 and open squares – the cell is in the
thermostabilized box with interruption of air convection.



3170 A. Mialdun, V.M. Shevtsova / International Journal of Heat and Mass Transfer 51 (2008) 3164–3178
information for this plot was taken from the central part of
the cell where convection is absent (as explained in Section
6.1). The variations of the temperature with time in the air
near the cell are shown in Fig. 5b for the same environmen-
tal conditions as in Fig. 5a by curves 1–3.

In the experiments where the cell is surrounded by open
air the component separation DC(t) as well as the temper-
ature of the air (open circles and curves 1 in Fig. 5) perform
oscillations with a period of about 24 h. Such type of
behavior was observed in the experiments with all the con-
sidered water/isopropanol mixtures. Note that the varia-
tions in room temperature during these experiments were
about 1.5 K per day.

Thermostabilizing completely eliminated daily oscilla-
tions. The average temperature near the cell and optics is
somewhat constant with small variation of ±0.1 K, see
curve 2 in Fig. 5b. However, the time dependence, T(t), dis-
plays high frequency oscillations with small amplitude.
Unexpectably it caused the new problem of rising high fre-
quency noise in the measured DC values. It results in the
large disordered scattering of the experimental points that
overlaps all the displayed results; in Fig. 5a there are some
filled dots (red dots online) above curve 1 and below curve
3. This is due to intensive buoyant convection in the gas
phase around the cell driven by the various heat sources
in the closed volume that strongly perturb the interferom-
etry. Thus for the optical methods the convection in sur-
rounding gas is as dangerous as convection inside the cell.

In the third case study two large plates, interrupting the
gas flow, were inserted in the box to eliminate convection in
gas phase. The experimental points for this case are shown
in Fig. 5a by open squares and the temperature variation
with time is shown as curve 3 in Fig. 5b. The temperature
in the air is kept constant. The scattering of the results is
much smaller in this case and we consider the results
obtained under these environmental conditions as reliable.
Quantitative comparison of the results for different envi-
ronmental conditions will be given in Section 6.4.

5. Theoretical approach

In the absence of motion the mass transport of species is
driven by compositional and thermal gradients. The heat
and mass diffusion fluxes can be written as

jT ¼ �jrT ð4Þ
jC ¼ �qðDrC þ DT Cð1� CÞrT Þ ð5Þ

Hereafter common approximation C(1 � C) � C0(1 � C0)
suitable in the case of small concentration variations will
be used. Here j is the heat conductivity (note that v = j/
qcp); D and DT are the diffusion and thermal diffusion coef-
ficients, respectively. Heat and mass conservation require

qcp

oT
ot
¼�rjT

oC
ot
¼�rjC
so, the governing equations for motionless fluid can be
written as

oT
ot
¼ vr2T ð6Þ

oC
ot
¼ Dr2C þ DT Cð1� CÞr2T ð7Þ

Eqs. (6) and (7) have to be solved subject to the following
boundary conditions: (a) no mass flux jC � n = 0 through
the impermeable rigid walls (here n is the unit normal vec-
tor to a wall); (b) heating from the top while the bottom
side is kept at lower constant temperature; and (c) ther-
mally insulated lateral walls.

Here under the Cartesian coordinate system will be
used, where z-axis is directed from the cold to the hot wall
with the origin z = 0 on the cold side. The following
assumptions are introduced:

� T, C are only functions of the vertical coordinate and
time T = T(z, t), C = C(z, t);
� the temperature distribution sets up instantly, i.e.

otT = 0, consequently, the temperature profile is linear
across the cell, so oT/oz = DT/L. Under these assump-
tions the mass flux is written as
~jC ¼ �q0½DrC þ DT C0ð1� C0ÞDT=L�

Then Eq. (7) becomes

oC
ot
¼ D

o2C
oz2

ð8Þ

Absence of mass flux jC � n = 0 through the rigid walls leads
to

oC
oz
þ eST DT=L ¼ 0 ð9Þ

where eST ¼ ST C0ð1� C0Þ and ST is the Soret coefficient.
Eq. (8) can be solved by separation of variables

Cðz; tÞ ¼ ðAn cos anzþ Bn sin anzÞe�a2
nDt

The solution (9) satisfying boundary conditions can be
written in the form

Cðz; tÞ ¼ CstðzÞ þ
X1
n¼1

An cos
npz
L

� �
exp � n2p2

L2
Dt

� �
ð10Þ

where Cst(z) is the steady-state linear concentration profile
across the cell with slope defined by the boundary condi-
tion. On this profile the concentration in middle of the cell
is equal to the initial value C(L/2, t) = C0, and is given by

CstðzÞ ¼ Cðt!1; zÞ ¼ C0 þ eS T
DT
L
ðL=2� zÞ ð11Þ

The constants An are determined from the initial conditions
C(z, t = 0) = C0:

An ¼ �
2½1� ð�1Þn�

n2p2
eS T DT
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An 6¼ 0 only for odd n so that

An ¼ �
4

n2p2
eS T DT

The solution of Eq. (10) can be written as

Cðz; tÞ ¼ C0 þ eS T DT

"
1

2
� z

L

� 4

p2

X1
n;odd

1

n2
cos

npz
L

� �
exp �n2 t

sr

� �#
ð12Þ

Here sr = L2/p2D is the relaxation time. In order to process
the experimental results we first followed an often used
procedure. The change of the concentration difference be-
tween top and bottom within the cell DC(t) = C(L,
t) � C(t) with time was measured via the refractive index.
On the other hand DC(t) can be found from Eq. (10)

DCðtÞ ¼ eS T DT 1� 8

p2

X
n;odd

1

n2
exp �n2 t

sr

� �" #
: ð13Þ
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Fig. 6. The dependence of (a) ST and (b) s upon the number of retained
terms N in Eq. (13).
In Eq. (13) there are two unknown parameters: the Soret
coefficient ST and the relaxation time sr. We collect exper-
imental points DC(t) from the beginning to several charac-
teristic times and the two parameters ST and sr are
fine-tuned until Eq. (13) fits the experimental results best.
For this purpose a curve fitting procedure of the MatLab
software is used. In addition to the determination of the
Soret coefficient, the diffusion coefficient is derived from
the value of the relaxation time sr. The accuracy of the re-
sults depends on the number of terms N retained in Eq.
(13). The dependence of ST and sr on N in Eq. (13) is
shown in Fig. 6 for the initial composition of mixture
C0 = 0.5 after long duration experiment, t = 110 h. It is
seen that four or five terms give reasonably good accuracy.
Five terms will be used throughout this study.

6. Results and discussion

The proposed technique was initially developed for
future experiments in microgravity where buoyant convec-
tion is negligibly small. While designing the set-up we real-
ized that this method can be used in laboratory conditions
with some precautions. Moreover, we found out that we
are able to study appearance of parasitic convection, mea-
sure its velocity, identify the reasons and localize the con-
vection-free region. The results presented below
correspond to a possible minimal convection level on the
ground. A set of experiments was done with water/ethanol
and water/isopropanol mixtures belonging to the concen-
tration region with positive Soret coefficient. No hydrody-
namic instabilities are expected for these mixtures. The
mean temperature in these experiments was kept at
�298 K and DT was about 10 K, although some experi-
ments were repeated for DT � 5 K.

6.1. Identification of convection

Optical digital interferometry enabled measurements of
DC not only between the hot and cold plates, but also
between two arbitrary points. Thus the transient concen-
tration and temperature distributions can be restored along
the whole diffusion path.

The concentration and temperature profiles for the ini-
tial composition C0 = 0.5 in water–isopropanol mixture
are shown in Fig. 7 at steady state, when t = 110 h
�35sr � 4sD. The solid lines correspond to the experimen-
tally measured profiles and the dashed lines show linear
extensions. To build these profiles the temperature and
concentration in the region adjacent to the lateral walls
were cut off for each vertical position z. The values of C

and T at the remaining points of this horizontal line were
averaged. For all examined mixtures (not only for compo-
sition shown in Fig. 7a) the temperature profile is almost
linear; small deviations are observed only near the horizon-
tal walls. The concentration profile is also linear in the cen-
tral part of the cell. But moving away from the central part
the deviations grow noticeably.
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There are two apparent reasons that may perturb the
concentration profile: undesirable convection due to hori-
zontal temperature gradients and bubbles. The problem
of bubble prevention was discussed in [21] and solution
has been found. Despite the heating from above, convec-
tion in the cell occurs in the laboratory experiments for
the working range of temperature difference. The station-
ary temperature field is shown in Fig. 8 at the beginning
of the experiment, t = 1200 s. At that time the temperature
field is already established t > sth = 770 s, but the diffusion
process did not begin, t	 sD = 1.15 � 105 s. Fig. 8 demon-
strates that the temperature field is basically linear and rel-
atively small deviations arise approaching to the corners.
These small local horizontal gradients cause buoyant con-
vection. For all examined aqueous solutions the divergence
from linear temperature profiles close to the rigid walls do
not exceed 1% (0.1 K on DT = 10.0 K) while concentration
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Fig. 7. Temperature (a) and concentration (b) profiles in steady state for
water/isopropanol mixture with C0 = 0.5; t = 110 h � 5sr � 4sD. Solid
curves correspond to measured values and dashed lines show extension of
the linear behavior in central part of the cell.
profiles have significant differences (compare solid and
dashed lines in Fig. 7b). Thus small horizontal temperature
gradients at the corners have strong impact on mass trans-
fer in liquids. Note that small ‘‘spike” on the upper iso-
therm in Fig. 8 is just defect of phase unwrapping, actual
isotherm should be smooth.

Despite our enormous efforts convection was remaining
in the corners of the cell due to horizontal gradients. The
origin of convection was analyzed in depth with support
of 3D numerical simulations and will be published else-
where. The results of that study showed that the major rea-
son for the existence of horizontal temperature gradients is
the poor heat transfer through rubber sealing near the junc-
tion lines: liquid, glass, and copper.

To identify the region of the convection spreading in
bulk a dedicated set of experiments have been carried
out. A few iso-dense tracer particles were placed in pure
water and flow visualization experiments were aimed at
particle tracing. The experimental results disclose the set-
tings of convection and its impact on the concentration
field. The trajectory of particles are superimposed on the
distribution of stationary concentration field in Fig. 9a.
The lines of equal concentration are shown at the end of
the thermodiffusion experiment, t � 140 h. The particle
velocities are given in Fig. 9b where the dashed line corre-
sponds to the motion at the upper part and the solid line
corresponds to the velocity of particle near the bottom.
Note, that the velocities of the individual particles along
trajectory are shown and not the velocity of the flow. So,
the velocities perform fluctuations in time depending on
the particle position. The velocity of the fluid motion, esti-
mated by the x � z projection of particles tracks, varies in
the range of 10–35 lm/s. Mean values of particles speed are
about 15 and 20 lm/s. Movement in the upper vortex is
slightly faster in average. The non-equal size of vortices
at upper and bottom parts is related to the temperature dis-
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Fig. 8. Stationary temperature field for water/isopropanol mixture with
C0 = 0.5: isotherms are shown at the beginning of the experiment
t = 1200 s; heating from above.
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tribution in the ambient gas. These vortices would be equal
in size if the temperature of the ambient gas would be sym-
metrical with respect to mid-plane z = h/2. These very
weak motions in the corners, i.e. a few microns per second,
mix up the solution introducing relatively strong perturba-
tions of concentration profile. The strength of the
convection slightly decreases with diminishing DT. One
important conclusion can be drawn from these results is
that the flow does not penetrate into the bulk, being con-
centrated in the corners. The distributions of the velocity
fields give us reason to believe that the concentration pro-
file measured at the central part of the cell is correct, not
being modified by the localized motions.

All the methods, developed to measure the thermodiffu-
sion coefficients, use temperature gradients in gravity field.
Thus all of them have to face the problem of parasitic con-
vection in the experimental cell, although it can be small or
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Fig. 9. Study of residual convection in the experimental cell. (a)
Trajectory of tracer particles recorded each 30 s in water and isolines of
concentration. (b) The velocity of particles along trajectory: solid and
dashed curves correspond to particles located at lower and upper parts,
respectively.
negligibly small. Horizontal temperature gradients may
arise also in experiments in an elongated cavity (horizontal
slot). Experiments in very thin gaps between cold and hot
regions, i.e. a few microns, can also be affected by convec-
tion especially in the case of side heating. The time of the
motion development for such systems is very short,
svis = L2/m. To the best of our knowledge we did not find
in the literature experimental plots of T(z) and C(z) profiles
related to this problem. Such profile can be obtained indi-
rectly from the paper by Colombani et al. [22], where they
show the evolution of concentration fringes during a ther-
mal diffusion experiment from t = 0 to t = 202 h. The
fringes in their Fig. 3 corresponding to t = 202 h are not
equidistant in space, which indicates that C(z) is not linear.
6.2. Convection free region

Analysis of temperature fields at numerous experiments
proved that if convection exists, it appears as small vortices
along the junctions. Results reported in Figs. 7 and 8 con-
firm these conclusions, where the linear behavior is well
kept in the central part of the cell.

According to the different dynamics we can divide the
whole cell in three zones, which are shown by dotted lines
in Fig. 7. At the upper part, with the strongest convection
in the corners, the solution is well mixed, and the concen-
tration is almost independent of height. In the lower part,
where the corner convection is weaker, the concentration
profile varies with height due to thermodiffusion, but it is
disturbed by the convection. The central zone between
the dotted lines is free from convection. Thermodiffusion
is responsible for the separation process in this area. In
general the concentration field in the cell is described by

oC
ot
¼ �rjC where

~jC ¼ q0½~V C � DrC � DT C0ð1� C0ÞDT=L� ð14Þ

Let us cropping out the area between the dotted horizontal
lines in Fig. 7b where the concentration profile is linear. In
this area the velocity is equal to zero and the mass flux is
also equal to zero at steady state. So in this cropped area
the Soret coefficient is determined from Eq. (14) as

ST ¼
DT

D
¼ 1

C0ð1� C0Þ
ðDCÞ
ðDT Þ ¼

1

C0ð1� C0Þ
ðozCÞ
ðozT Þ

ð15Þ

By doing this we can determine the component separation
DC corresponding to the ideal thermodiffusion conditions
(without convection). The linear profiles of T and C in this
cropped area are extended over the entire cell with the same
slopes as shown by the dashed lines in Fig. 7. We can use in
Eq. (15) the values of DT and DC at the level of dotted lines
or their extension, the results will of course be the same.

The following approach is used for measurements of dif-
fusion and Soret coefficients. Over the entire duration of
the experiment the data are recorded and the figures, sim-
ilar to Fig. 7 are obtained for all available interferograms
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in time. Computerized analysis of concentration profiles,
similar to Fig. 7b, identifies the boundary of the convec-
tion-free area during complete experiment. The steady state
at this area corresponds to zero mass flux and Eq. (13) is
valid. Moreover, knowing the boundary of motionless
region we may processed recorded data according Eq.
(13) where at each time step DT and DC are calculated
for the region between dotted lines shown in Fig. 7. In this
way we may determine both the Soret and diffusion coeffi-
cients. Strictly speaking the condition of zero mass flux,
leading to Eq. (11) in the theoretical approach, is not ful-
filled out of steady state. Keeping in mind that this
approach is often used in practice we adopted it to our
experiments. At the following section we will show that
the convection-free zone is identified correctly and the
assumptions of the theoretical model are fulfilled suffi-
ciently well at the boundaries of this zone.

6.3. Validation of suggested experimental method: water/

ethanol mixture

Taking into account all problems and their solutions
described above a dedicated set of experiments has been
performed for the justification of the suggested method.
Among the aqueous systems there is a considerable amount
of data for measurements of the Soret coefficient in water/
ethanol mixture and this mixture was chosen for the valida-
tion of the technique. The largest amount of literature data
are accumulated for two different compositions: with mass
fraction of water �0.5 and �0.6. Our experiments were car-
ried out for the mixtures with close compositions: 0.491,
0.602, and 0.613. This choice is due to degassing procedure,
which was employed to prevent appearance of bubbles in
the experimental cell. Because of different values of satura-
tion vapor pressure for water and alcohol, the composition
of mixture changes during degassing procedure approxi-
mately by 2%. The composition of final mixture was
checked by a refractometer.

The time evolution of the concentration separation
DC(t) for the mixture with initial content of water
C0 = 0.602 is shown in Fig. 10a. The mean temperature
of the system is Tmean = 295.5 K and the applied DT =
9.87 K. The data along the curve were collected over the
central (non-disturbed) part of the cell. The fitting curve
was obtained on the basis of the approach, described in
Section 5, and applied for the central part only.

The diffusion coefficients, using the present method,
along with results from other techniques are shown in
Fig. 10b. Let us note the variety of methods used by differ-
ent authors: diaphragm cell technique by Hammond and
Stokes [23], Taylor dispersion technique by Pratt and
Wakeham [25] and Harris et al. [24], open-ended capillary
by Dutrieux et al. [27], thermal diffusion forced Rayleigh
scattering (TDFRS) method by Kita et al. [26], and digital
interferometry (present method). The working temperature
at three first references was 298 K, whereas the three other
authors worked at 295.5 K. The points obtained by Taylor
dispersion method and by the diaphragm cell technique are
close to each other. Moreover, their values would not be
disturbed by buoyancy induced convection as they are per-
formed in isothermal conditions. The results by Dutrieux
et al. [27] (open capillary), Kita et al. [26] (TDFRS), and
the present results are scattered around the above men-
tioned data. The diffusion coefficient, even if it is tempera-
ture dependent, should not change too much over a 2.5 K
temperature range. A possible explanation of the larger
scattering follows from the fact that the last two authors
(Kita and current authors) use indirect methods of deter-
mining the diffusion coefficient, namely some fitting proce-
dure from thermodiffusion data. Note, that our values are
located at the bottom part of the experimental cloud of
points. If convection would be present in the central area
of the plot it would increase the value of the diffusion coef-
ficient. As a conclusion, our results are in the general trend
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of other ones, and prove that the suggested technique is
competitive. The measured values provide a solid argument
that the convection-free zone is identified correctly and that
the condition of zero mass flux holds satisfactorily well at
the boundaries of this zone.

The Soret coefficients for water/ethanol mixture were
calculated on the basis of fitting curve, Eq. (13), and using
the steady state, Eq. (15). The obtained values slightly dif-
fer: e.g. for C0 = 0.613 they are ST = 2.82 � 10�3 K�1 and
ST = 2.88 � 10�3 1/K, respectively.

The measured and literature data for Soret coefficients
are summarized in Fig. 11. The techniques used by different
authors are: beam deflection by Kolodner et al. [10] and
Zhang et al.[11], optical TDFRS method by Kita et al.
[26], mean results from TGC (thermogravitational column)
and LDV (laser Doppler velocimetry) by Dutrieux et al.
[27], and digital interferometry (present method). Although
they are obtained at different temperatures, they should not
change too much over a 2.5 K temperature range. The
background results taken from Fig. 4 in [26] are shown
by filled circles. The major part of results are focused
around C0 = 0.609. The results of different authors shown
in Fig. 11 are listed in Table 1 for compositions close to
C0 = 0.5 and C0 = 0.609 in the order of the temperature
rise. The mean value of Soret coefficient for C0 = 0.609 is
Table 1
Soret coefficients for water/ethanol mixture

Kita et al. [26]
T = 20 �C

Dutrieux et al. [27]
T = 22.5 �C

Present result
T = 22.5 �C

C0 = 0.491 3.32 ± 0.016
C0 = 0.5 3.28 5.82
C0 = 0.602 3.01 ± 0.015
C0 = 0.609 2.98 3.23 3.0 interpolatio
C0 = 0.613 2.88 ± 0.013

Experimental data.
ST = 3.18 � 10�3 K�1 and could be considered as a bench-
mark value. Linear interpolation of our results from mea-
surements at C0 = 0.491 and C0 = 0.602 gives
ST = 3.00 � 10�3 K�1 at C0 = 0.609, which has only 5%
deviation from the ‘‘benchmark” value. It falls into the
range of average deviations by other authors. The point
C0 = 0.491 was chosen for the calculation of ST value at
the benchmark point C0 = 0.609, as our experiments
around the point C0 = 0.49 ± 2% were repeated the most.
There are only two results at C0 � 0.5 by Kita et al. [26]
and Dutrieux et al. [27] and they are very different. To be
confident in our final value for this composition the exper-
iments were repeated at different DT. Our results are closest
to those by Kita et al. [26], which were obtained by another
optical method, (TDFRS). To conclude this validation sec-
tion: the method of digital interferometry appears to be
reliable and it determines diffusion and Soret coefficients
consistent with those available in the literature.

6.4. Measurements diffusion and Soret coefficients in water/
isopropanol mixture

The recently measured Soret coefficients for water/iso-
propanol mixture provoke a lot of discussions during the
Congresses, although the only published data by Poty
et al. [28] are relatively old (1974) and some points in their
measurements look suspicious. It explains our choice of
this system under investigation.

In the beginning the results obtained on the basis of time-
dependent behavior of the system will be discussed. Time
evolution of concentration differences between top and bot-
tom within the cell, DC(t), similar to Fig. 4 was made for all
studied mixtures. Although the data used for reporting in
Fig. 4 were gathered prior to comprehensive study of the
environmental conditions around the cell and the daily vari-
ations of the temperature were detected. Experimental
results in this section were obtained at best experimental
conditions and the processing was done using the informa-
tion only from the central part of the cell. Thus the same
procedure as in previous Section (measurements in convec-
tion-free zone) was used for the measurement of diffusion
and Soret coefficients in water/isopropanol mixture.

The only results by Pratt and Wakeham [29] for diffusion
coefficients (dated back to 1975) were found in literature for
this mixture. These results along with present ones are
summarized in Fig. 12. The data was obtained by completely
Kolodner et al. [10] mean value T = 20 �C
and 25 �C

Zhang et al. [11]
T = 25 �C

n 3.32 3.21
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different methods: Taylor dispersion technique at isothermal
conditions was used by Pratt and digital interferometry in
non-isothermal environment is utilized in present method.
The working temperature used by Pratt was T = 298 K,
while in our case it is the mean temperature, i.e.
Table 2
Experimental data for Soret coefficients in water/isopropanol mixture, Tmean =

C0 0.264 0.5 0.6

Experimental condition
Applied DT (K) 9.89 9.94 10.2
10�3 ST (1/K) 4.17 4.51 3.9

Error bars for given ST is about 5%.
Tmean = 298 K. Independent measurements yield excellent
agreement in the determination of the diffusion coefficient.
This agreement once more confirms that the condition of
zero mass flux at non-steady conditions are properly satis-
fied on the boundary of the convection-free zone.

The Soret coefficients in water/isopropanol system were
measured for the same compositions as diffusion. Our
experimental points, shown in Fig. 13, are obtained for
the applied temperature difference DT � 10 K. Comparison
of present results with the previous results by Poty et al.
[28] in Fig. 13 demonstrates from very good to moderate
agreement between sources. At the mixture with low con-
centration of water the agreement is excellent. Divergence
between results slightly grows with increasing of water con-
tent. Obviously the results from [28] are not exact in the
vicinity of point C0 = 0.7 (before sign change). This point
looks like ‘‘wild point”. According to the general trend of
ST(C) in Fig. 13 our results appear most trustworthy.

Quantitative comparison of the results for different ini-
tial compositions and various experimental conditions are
given in Table 2. Soret coefficients corresponds to the val-
ues obtained on the basis of information from the central
part of the cell in steady state. Table 2 includes not only
results for different compositions (shown also in Fig. 13)
but also demonstrates result for different experimental con-
ditions for the system with mass fraction of water C0 = 0.5.
The column, which is one before last, shows results for
C0 = 0.5 for applied temperature difference DT � 5 K
where one would expect the weaker convection in the sys-
tem. The difference between the Soret coefficients, mea-
sured at DT � 10 K and DT � 5 K is less than 3%. It
emphasizes that both measurements are coming from well
determined convection-free zone, although the size of these
zones can be different.

Last column reveals results of the experiment, when air
around the diffusion cell was not thermostabilized, corre-
sponding time dependence is shown in Fig. 4. The value
of ST obtained under these experimental conditions is
much lower than the values, measured at conditions of con-
trolled temperature around the cell.
7. Conclusions

We have presented a novel experimental technique
based on optical digital interferometry for investigating
the thermodiffusion process in liquids and measuring mass
transport coefficients. Digital interferograms are recorded
at a selected rate during the observation of heat and mass
298 K

0.7 0.5 0.5

Different DT Open air
10.38 4.94 10.19

6 0.98 4.39 3.29
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transport in the liquid. Knowledge of the spatial distribu-
tion of the total phase shift gives information about
changes in the refractive index. In turn, it defines the local
gradients of composition inside the fluid both for steady
state and dynamic regimes. Different steps of image pro-
cessing and obtaining results were discussed in details.

All methods developed to measure thermodiffusion coef-
ficients are affected by convection to one extent or another.
Unlike previously developed methods the present one
allows to ‘‘see” and analyze the situation inside the cell.
The experiments were carried out in a relatively large cubic
cell, L = 0.01 m. The large view over the entire cell allowed
us to identify the settings of convection. It was ascertained
that convective flows do not penetrate into the bulk. This
enabled measurements of the transport coefficients accord-
ing to the information about T(z) and C(z) in the central
part of the cell, the so called the convection-free zone.

Moreover, it appears that on the boundaries of the con-
vection-free zone the condition of zero mass flux is well sat-
isfied during the whole diffusion process and not only in
steady state. This condition is important to the companion
theoretical approach and its fulfillment was proven by the
measurements of the diffusion coefficients. The Soret coef-
ficient can be determined from the steady state condition
while the diffusion coefficients can only be obtained from
records within the time dependent process. The excellent
agreement of the measured diffusion coefficients with those
available in the literature for water/ethanol and water/iso-
propanol mixtures is strong evidence that the convection-
free zone is identified correctly.

The method has undergone an extensive scientific vali-
dation against recent published data for water/ethanol
mixtures. The quantitative comparison of diffusion and
Soret coefficients reveals excellent agreement with pub-
lished data. This method was applied to the measurements
of the Soret coefficients in water/isopropanol mixture. The
obtained dependence of ST on composition in water/iso-
propanol mixtures demonstrates the same tendency as pre-
viously obtained results (Ref. [28]).

Our experimental method was initially developed for
future experiments in microgravity where buoyant convec-
tion is negligibly small. However, here we showed that it
can be used in laboratory conditions even there are some
zone affected by convection.

To conclude: the method of digital interferometry
appears to be reliable and it determines diffusion and
Soret coefficients consistent with those available in the
literature.
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