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Abstract The investigation of the transport properties of binary fluid mixtures remains a topic of interest
in relation to the more challenging studies of ternary mixtures. In fact, the study of the phase boundary
limits of the Gibbs composition triangle can be the initial step for a more complete analysis of ternary

mixtures. In this paper, we apply the dynamic shadowgraphy optical technique to study non-equilibrium

fluctuations induced by the presence of a gradient of temperature and/or of concentration in the triethy-
lene glycol (TEG)/water system. These thermodiffusion and free-diffusion experiments aim at measuring
the transport properties of samples of the studied system at different experimental conditions. We scan
both the average temperature and the TEG concentration, which allows us investigating both positive and
negative thermodiffusive behaviours. The obtained values of mass diffusion coeflicient are consistent with
data available in the literature in the range of temperature investigated in this study. The mass diffusion
coefficient of the sample prepared at 0.7 w/w TEG concentration are characterised by shadowgraphy fol-
lowing the two proposed methods, exhibiting consistent results. An increase of the mass diffusion coefficient
as a function of the average temperature is highlighted. On the other hand, the thermodiffusion coefficient
appears to be independent of the average temperature of the sample at 0.3 w/w TEG concentration.

1 Introduction opment due to the intrinsic and significant increase of
difficulty with the number of components of the mix-
ture and their mutual interactions. Currently, a great
effort is devoted to investigate the transport phenom-
ena in ternary mixtures. Thermodiffusion experiments
in ternary mixtures are performed on ground, by using
different optical techniques [3,5-7], or in micrograv-
ity conditions in order to avoid both convection and
sedimentation. The thermodynamic characterization of
ternary mixtures is one of the objectives of different
ESA projects, like: Diffusion Coefficient Measurements
in ternary mIXtures (DCMIX) [7-11], Soret Coefficients
in Crude Oil (SCCO) [12-15] and Giant Fluctuations
[16,17]. The knowledge of the behavior of the binaries
associated to the ternaries remains an important step
because they correspond to the binary phase bound-
ary limits in the ternary Gibbs composition triangle,
T.I : Thermal non-equilibrium phenomena in fluid and interpolated values of the Soret coefficient can be
mixtures. Guest editors: Fernando Bresme, Bjgrn obtained in some conditions [18].
Hafskjold, Werner Kéhler, Francois Montel Complex fluids subjected to non-equilibrium condi-
tions exhibit non-equilibrium fluctuations (NEFs) of
the thermodynamic variables [19-23]. These conditions

The transport properties of complex fluids under non-
equilibrium conditions are of interest from both scien-
tific and technological points of view. Transport phe-
nomena occurs in almost any multicomponent mixture
present in nature and in industry and its comprehen-
sion is of great interest for many applications, such as
the exploitation of crude oil wells and the storage of
CO3 in deep brine aquifers. [1,2]. A suitable charac-
terization of transport processes in complex mixtures
requires a thorough understanding of simpler fluids. So
far, binary mixtures have been extensively character-
ized [3,4]. The extension of theories and experiments
from binary to ternary mixtures requires further devel-

* e-mail: henri.bataller@univ-pau.fr (corresponding
author)
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can be induced, for example, by applying a temperature
gradient to a multicomponent fluid mixture, thus induc-
ing a temperature gradient within the fluid as well as a
composition gradient by means of thermodiffusion, also
called the Soret effect [3,24]. Superimposing two layers
at different concentrations of a solution generates an
initial gradient of concentration which evolves towards
an equilibrium state by mass diffusion, in the absence
of convective motions [25]. Both free-diffusion and ther-
modiffusion transport processes can be investigated by
optical techniques and particularly by light scattering
thanks to its ability to visualize NEFs without alter-
ing the intrinsic properties of the fluid. The transport
properties of the fluid can be determined both at atmo-
spheric [26,27] and at high pressure [28]. In this work,
dynamic shadowgraphy has been adopted [25,29,30] to
study the refractive index fluctuations as generated by
the NEFs of the temperature and concentration in the
case of thermodiffusion experiments, and of the con-
centration in the case of free-diffusion experiments. It is
important to highlight the novelty of using this method-
ology to determine the transport properties of fluid mix-
tures in free-diffusion experiments. By shadowgraphy, a
large range of fluctuation sizes A or, conversely, of wave
numbers ¢ = 27/A, can be investigated at the same
time, providing simultaneous reliable measurements of
different transport properties, like mass diffusion coef-
ficient or thermal diffusivity as well as Soret coefficient
[5,26,31].

The aim of the present work is to investigate the dif-
fusion and the thermodiffusion coefficients of the binary
mixture of triethylene glycol (TEG) and water (H20),
as one of the binary limits of the DCMIX3 ternary
system, made of HyO, ethanol and TEG [11]. These
molecules are highly polar, and the prevailing hydro-
gen bonding leads to much more complex interactions
than the dominating dispersion interactions in alkane
mixtures for example, leading to negative values of the
Soret coefficient and to convective instabilities under
terrestrial gravity conditions. In this study, it is worth
noting the possibility of characterising mixtures with
negative Soret coefficients through the analysis of NEF's
by using shadowgraph technique in both thermodiffu-
sion and free-diffusion experiments.

The remainder of this paper is organized as follows:
in Sect. 2, the experimental procedure is described. In
Sect. 3, the theory of non-equilibrium fluctuations is
summarized to provide the relevant working equations.
The obtained results are presented in Sect. 4, finally,
conclusions are provided in Sect. 5.

2 Experimental procedure

2.1 Solutions preparation and characterisation

Triethylene  glycol  (Sigma-Aldrich, T59455-1L,
ReagentPlus®), purity 99%), used without further
purification, and degassed de-ionized water (resistivity
18.5 MQcm), retrieved from a Millipore Milli-Q filtra-
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tion station, were used to prepare the studied samples
at the required mixture compositions using an analyt-
ical balance (Sartorius TE313S, resolution 1072 g/200
g). The thermophysical properties of the mixture, such
as density, viscosity and both thermal and mass expan-
sion coefficients are measured as follows.

The kinematic viscosity v is measured at 20, 25 and
30 °C by capillary viscometer (Ubbelohde SCHOTT).
The thermal and solutal expansion coefficients o and
0, respectively, are defined as follows:

@, o
-iE), e

where p is the mixture density, T" is the temperature
and C' is the TEG concentration in mass fraction.

The coefficients a and (§ are indirectly determined
from measurements of the mixture density performed at
different conditions through a Density Meter (ANTON
PAAR, DMA 5000). First, in order to determine the
thermal expansion coefficient, the density is measured
at different temperatures (starting from 2 °C below the
nominal temperature up to 2 °C above), while keep-
ing the concentration constant. A linear relationship
between the density and the temperature is observed in
all cases. The parameter « is determined through Eq.
(1), i.e. dividing the slope of the density vs. temperature
by the density of the sample at the nominal tempera-
ture. Second, the mass expansion coefficient is obtained
after measuring the density at different concentrations
(starting from 2% w/w below the nominal concentra-
tion up to 2% w/w above), while keeping the temper-
ature constant. A linear relationship between the den-
sity and the concentration is observed in all cases. The
parameter 3 is determined through Eq. (2), i.e. dividing
the slope of the density vs. concentration by the density
of the sample at the nominal concentration. Measured
values of v, o and 8 are summarized in Table 1.

The measurements of viscosity and density are
repeated at least three times for each sample. The vis-
cosities reported in Table 1 are calculated as the aver-
age of the three measurements and the correspond-
ing uncertainties are the standard deviations. Consider-
ing the density uncertainties and the sensitivity of the
method of least-square adjustment, the uncertainties on
« and ( are calculated by error propagation.

2.2 Free-diffusion and thermodiffusion cells

For the free-diffusion experiments, we used a diffusion
cell specifically designed to put into contact two layers
of two different liquid mixtures or two solutions of the
same components at different concentrations, thus cre-
ating an initial step concentration gradient at uniform
temperature while providing vertical optical access to a
central area of the cell, similar to the flowing-junction
cell already reported in the literature [32]. The diffusion
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Table 1 Kinematic viscosity v,thermal expansion coefficient aand solutal expansion coefficient § at different both mass

fraction concentrations C of TEG and temperatures T’

T(°C) v (mm?/s) a(x 107 K™ B (x 107h)
C=03w/w

20 2.72 £ 0.03 4.22 £ 0.02 1.59 £ 0.08
25 2.32 £ 0.02 4.49 £+ 0.02 1.55 + 0.07
30 2.01 £ 0.02 4.77 £ 0.02 1.51 + 0.07
C=05w/w

20 6.25 + 0.06 5.77 £ 0.01 0.145 £ 0.009
25 5.20 £ 0.05 5.87 £ 0.01 0.138 £+ 0.005
30 4.34 £ 0.04 6.02 £ 0.01 0.134 £ 0.003
C=0.7w/w

20 14.8 £ 0.1 6.633 £ 0.007 0.96 £ 0.02
25 11.9 £ 0.1 6.712 £ 0.004 0.949 £ 0.006
30 9.7+ 0.1 6.799 £+ 0.005 0.938 + 0.008

Fig. 1 a 3D-drawing of
the stainless steel annulus
with the Teflon ring in the
inner part. b 2D-drawing
of the same, as observed
from the top

(a)

cell consists of a stainless steel annulus (see Fig. 1) with
internal and external diameters of 30 mm and 80 mm,
respectively, and a vertical thickness of h = 10 mm. The
metallic annulus hosts four holes: two for fluids outlets
at 180° in the horizontal plane and at mid-height of
the cell in the vertical direction, and two for fluid inlet
at 50°in the horizontal plane and at the same height in
the vertical direction. In order to avoid the thermal con-
tact between the liquid sample and the interior of the
conductive metallic annulus, a polytetrafluoroethylene
(Teflon®) ring with an internal and external diame-
ter of 20 mm and 30 mm, respectively, is placed inside
the stainless steel annulus (see Fig. 1a) . This ring has
also four thin holes in correspondence to those present
in the metallic annulus to allow the circulation of the
fluids. Moreover, the two holes for the fluid inlets are
inclined in the vertical direction so that one incoming
fluid is steered to the top of the cell, while the other
one is steered to the bottom of the cell.

The stainless steel annulus is designed to accommo-
date two square sapphire windows (8x40x40 mm?),
one on each vertical side with a groove for a Viton®O-
ring for sealing. The two internal faces of the two sap-
phire windows are then separated by the metal annulus

(b)

and kept apart by A = 10 mm, thus defining the verti-
cal thickness of the fluid sample. The external surfaces
of the two sapphire windows are in contact with two
square aluminium plates with a central circular aper-
ture with a diameter d = 13 mm. These plates are
meant for hosting two temperature sensors so to mea-
sure the temperature as close as possible to the sap-
phires. The aluminium plates are also in contact with
two square Peltier elements (Kryotherm, TB-109-1.4-
1.5 CH) which can transport heat by means of a current
flow and have the same central circular aperture. The
Peltier elements provide/remove the heat necessary to
maintain the set-point temperature as driven by two
temperature controllers (Wavelength Electronics, LFI-
3751) which use a proportional-integrating-derivative
feedback system and maintain the temperature of the
internal side of each Peltier device constant, with sta-
bility better than 1 mK RMS over 1 day. As shown in
Fig. 2, all these elements are clamped by means of two
aluminium blocks (with the same central circular aper-
ture) in which water coming from a thermostatic con-
trolled bath (Huber, ministat 125), circulates in order
to remove the Peltier elements excess heat.

@ Springer
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Fig. 3 Shadowgraph optical set up summarized in six distinct blocks: 1 optical components; 2 s-CMOS Camera; 3 free-
diffusion /thermodiffusion cell; 4 specific filling procedure; 5 temperature controllers; 6 computer equipment

External to the stainless steel ring, metallic capillary
tubes with external diameter of 1/8 inch and about
50 mm of length (the red stems visible in Fig. 2) are
connected to each inlet/outlet. These capillary tubes
end with a manual valve each (Swagelok, SS-41GS2),
as shown in Fig. 3. The sample reservoirs are connected
to the valves via flexible capillary tube (same external
diameter as the metallic capillary tubes).

The cell filling is performed in two main steps. In the
first step, the diffusion cell is completely filled with the
less dense fluid. In order to do that, the fluid is slowly
injected by gravity through the lower part, while air is
let out of the outlet pointing to the top. By slightly tilt-
ing the cell, the residual air can be completely removed.

@ Springer

Attention is paid to avoid any further air inlet while
filling the other three capillary tubes. The second step
consists of filling the bottom half of the cell with the
denser fluid and create a sharp interface between the
two fluids. This is achieved by filling the cell simultane-
ously with the two fluids from the bottom and the top
inlets, while the remixed fluid is let out through the two
outlets. Once half of the cell is filled with the denser
fluid (the volume of fluid to be injected into the cell to
fill it by half, taking into account the length and the
internal diameter of capillary tubes and the dead vol-
umes is calculated beforehand), a relatively flat horizon-
tal interface between the two fluids is formed. The four

Journal: 10189 MS: 0171 [ ] TYPESET []DISK [JLE [] CP Disp.:2022/2/24 Pages: 15 Layout: EPJE

207

208

209

210

211

212

213

214

215

216

217

218

219



220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273
274

275

Eur. Phys. J. E _#HHH#HEHHAEEFAEA-AA

valves are simultaneously closed and the free-diffusion
process starts.

For the thermodiffusion experiments the stainless
steel annulus is replaced by a Viton O-ring with an
internal diameter of d = 25 mm and thickness of e = 3
mm, the other components remain unchanged and cap-
illaries are not necessary. The two sapphire windows
are kept apart by four plastic spacers of h = 2.00 +
0.01 mm, thus defining the liquid layer thickness. The
cell is filled by means of two syringe needles punctured
through the Viton O-ring. During the filling procedure,
the cell is inclined and the fluid is pushed through the
bottom syringe while air is removed through the top
one. After filling, the two needles are carefully removed
and the holes in the O-ring close due to the pressure
exercised on it by the sapphire windows. The cell is
inserted into the shadowgraph setup once the filling
is finished. For any given mean temperature, a tem-
perature difference between the top and the bottom
is applied by setting the corresponding temperatures
to the Peltier elements. Once the stationary state is
reached, i.e. after one diffusive time for the cell, the
image recording is started.

2.3 Shadowgraph setup

The shadowgraph optical setup (Fig. 3) involves a super
luminescent diode (Super Lumen, SLD MS-261-MP2-
SM, A = 675413 nm), connected to a single-mode opti-
cal fiber. The divergent beam at the output of the
fiber is collimated by an achromatic doublet lens (focal
length f = 150 mm, and diameter ¢ = 50.8 mm).
The collimated beam passes through the free-diffusion
cell, or the thermodiffusion cell, via two linear polariz-
ers that allow adjusting the average transmitted light
intensity, and is supposed to be perpendicular to the
interface between the two solutions, in the case of free
diffusion experiments, or parallel to the temperature
gradient in the case of thermodiffusion experiments. A
camera, whose detection plane is positioned at a dis-
tance of z = (12.0+0.5) cm from the sample central
plane, collects the sum of the light scattered by the
NEFs plus the transmitted one. As a camera sensor,
we use a scientific-CMOS camera (Hamamatsu Digital
Camera C13440, ORCA - Flash 4.0 V3) whose detector
size is s = 13.3 mm. This camera sensor allows a fast
image acquisition frequency, up to 100 Hz at full frame
resolution of 2048 x2048 square pixels with a pixel side
of lpiz = 6.5 pm. Images are acquired in real time by
the HCImageLive (x64) software program installed in a
dedicated PC. In order to have both a good stability of
acquisition frequency and a quick backup of the images,
we use 4 Solid-State Drive (SSD) hard disks in RAIDO

configuration.

2.4 Dynamic near field imaging

The images acquired in the near field consist of an
intensity map I(Zt), generated by the interference on
the s-CMOS plane between the portion of the incident

Page 5 of 15 _#H#H#H#_

beam that has passed undisturbed through the sam-
ple and the beams scattered by the refractive index
fluctuations occurring within the sample. Here, & and
t stand for the position in the image plane and the
time lapsed during the acquisition, respectively. Thanks
to the interference of different beams, the fluctuations
in the fluid density, that are proportional to the fluc-
tuations of the fluid refractive index, are transformed
into fluctuations of the light intensity at the detector
plane. Therefore, in order to study the dynamics of the
density fluctuations in our samples, we calculate the
Structure Function (SF) of the light intensity, i.e. of
the acquired images, by means of an already proven
Differential Dynamic Algorithm (DDA) [33]. The DDA
algorithm consists of the following main steps: first,
each recorded image I(Zt) is Fourier transformed in
the 2D spatial space of the detector plane to obtain
I(q,t) = F (I(Z,t)), then the Fourier transform (FT) is
normalised by dividing it by the zero spatial frequency

i(q,t) =1(q,t) /1 (6, t) in order to remove the source

intensity fluctuations. Then, the differences between
normalized FTs at a given time difference At (called
correlation time) Ai (g, t, At) = i(q,t) — i (g, t+ At)
are calculated. These At’s are, of course, multiples of
the time delay dt,,;, of the recording process, and can-
not be larger than the acquisition duration. Finally, the
2D correlation functions are calculated by determin-
ing the - square moduli |Ai (¢, At)|? of the FT differ-
ences, and the individual spatial Fourier transforms of
the image differences are averaged, first over all times
tand second over the modulus of the wave number ¢
over the azimuthal angle. The result (|Ai(q, At)]?),+ is
the SF of the recorded intensity fluctuations. In order
to reduce the computational time to calculate the struc-
ture function out of the image series, we make use of a
graphic card with the advantage of the massive paral-
lelization on the Graphic Processing Unit (GPU) and
an in-house developed software [33,34]. This experimen-
tal quantity requires a physical model for its interpreta-
tion. The details of the theoretical model can be found
elsewhere [19,20]. In the present paper, we just recall
the essential equations used to fit the SF.

2.5 Structure function analysis

The SF can be related to the power spectrum density
fluctuation and the characteristics of the optical system
as follows:

(I8i(q, At)[*) = 2{T (q) S (q) [1 — ISF(q, At)]
+B(q, At)} (3)

where T (q) is the optical transfer function of the shad-
owgraph, S (g) the static power spectrum of the fluctua-
tions, the product A (¢) = T (q) S (q) is called the static
structure factor (independent of the correlation time)
and B(q, At) is the signal background. It includes differ-
ent contributions like electronic noise due to the camera
and all the acquisition chain and can be modelled by
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B(q,At) = C(q)+ E (q)- At+ F(q)- At? The parabolic
term F'(q) - At? becomes particularly important for the
experiments performed in the free-diffusion configura-
tion, where the system is never at the steady state,
so that the background noise becomes time-dependent.
The Intermediate Scattering Function I.SF(q, At) cor-
responds to the dynamic part of the SF, that can be
described in many cases as the sum of exponential
decays [35-37]: ISF (q,At) = >, aexp (—At/1;(q)),
where a; are the amplitudes of the different modes with
>, a; = 1 and 7; (¢) the wave-number-dependent relax-
ation times.

During a free-diffusion experiment, the density fluc-
tuations recorded through the shadowgraph are mostly
due to concentration-NEFs (¢-NEFs) that are much
more intense (orders of magnitude) than equilibrium
temperature and/or concentration fluctuations present
at the same time for the wave number range of our inter-
est. Thus, the ISF is expected to be well described by
a single exponential decay for all wave numbers. Thus,
the SF is supposed to take the following form:

. 2 _ N
(18i(q, D)) = 2{A<q> e (<50
+C(q) + E(q) - At + F(q) .Atz’}

(4)

where 7. (q) is the decay time of the ¢-NEFs at wave
number q.

When a stable temperature gradient parallel to the
gravity field is applied to a homogenous binary fluid
mixture, a concentration gradient is formed due to the
Soret effect [3]. Hence, at the steady state of a ther-
modiffusion experiment a suitable expression for the
ISF can be provided by the sum of two exponential
decays given by the fluctuations of the concentration
plus the fluctuations of the temperature (t-NEFs). The
SF is supposed to take the following form:

(|Ai(g, At)P) = 2{A<q> [1 - { exp (‘%)

=

+C(q) + E(q) - At + F(q) - At2}

+(1—a) x exp(—

()

where 77 (q) is the decay time of the t-NEFs at wave
number q.

A(q),7i(q),C(q),E(q) and F (q) are the fitting
parameters at each wave number. In the case of a
thermodiffusion experiment, if the steady state is fully
reached, the term F' (q) is supposed to be negligible.
However, we keep it in the fit in order to check the
validity of our hypothesis and to be sure that the steady

@ Springer
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state has been reached. We use MATLAB and an imple-
mented Levenberg-Marquad nonlinear least-square fit-
ting routine [38]. At the end of the fitting, we proceed
to the analysis of the statics of the fluctuations through
the static structure factor A (q), as well as to the anal-
ysis of the dynamics of the fluctuations through the
decay times 7; (¢). In the present paper, we will focus
on the dynamics of the fluctuations.

3 Dynamics of the non-equilibrium
fluctuations

The details of the theoretical description of the hydro-
dynamic behaviour of density fluctuations out-of-
equilibrium can be found elsewhere [19,20], so that here
we just recall the main expressions useful for the exper-
imental data analysis.

At intermediate and large wave numbers, in the
absence of any convective movement, in the presence
of the gravity force and in the bulk fluid, the decay
time of the ¢-NEF's is given by:

72 (q) = !

D {1 + (%)4]

where D is the mass diffusion coefficient and ¢, the cut-
off wave number which defines the length scale below
which the dynamics of the ¢-NEF's are no longer domi-
nated by diffusion, but rather by buoyancy. The curve of
the decay times as a function of wave numbers looks like
a bell-shape (in log-log scale) and mirrors the presence
of two distinct regimes as already reported in a num-
ber of previous publications [25,26,39]. The asymptotic
behaviour of Eq. 6 for wave numbers larger than ¢, is
7.(q) = 1/Dg? so that the diffusion coefficient D can
be obtained from the fitting of the experimental data
points in this region. In the case of a thermodiffusion
experiment, the cut-off wave number is given by the
expression [26,28,31,40]:

(6)

o 1/4
Ge = (ﬂgSTCO (1 CO) AT) (7)

hvD

where [ is the mass expansion coefficient of the binary
mixture, g the gravitational acceleration, h is the ver-
tical thickness of the sample, Cy the equilibrium mass
fraction of the denser component, St the Soret coef-
ficient of the denser component, AT the difference of
temperature between the top and the bottom of the
thermodiffusion cell, and v the kinematic viscosity of
the binary mixture at the mean temperature of the
experiment.

During a free-diffusion experiment, the concentration
difference between the bottom and the top of the cell is
assumed to remain constant until the diffusive process
reaches the cell boundaries at the diffusive time 75 =
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(h/2)* /mD. For times smaller than 4 the cut-off wave
number is given by the expression [25,39,41]:

o (ﬁg (C1 - c2>>”4 ®

vDV4r Dt

where C; and Cy are the concentrations of the denser
component, TEG, at the bottom and top layers in the
diffusion cell, respectively. Unlike the thermodiffusion
experiment, the cut-off wave number is time-dependent,
following a power law with a (—1/8 =— 0.125) expo-
nent.

Again, here we recall only the essential equations that
are used to model the t-NEF's in the case of thermodif-
fusion experiments.

At intermediate and large wave numbers, in the
absence of convection, in the presence of the gravity
force and in the bulk fluid, the decay time of the t-
NEFs is given by:

arq? [1 + (%)1

where arp is the thermal diffusivity and gy the ther-
mal cut-off wave number which defines the length scale
below which the dynamics of the t-NEFs is no longer
dominated by heat diffusion, but rather by buoyancy.
The curve of the decay times as a function of wave num-
bers looks similar to the one described for c-NEF'S, but,
in general, decay times are shorter, due to the larger
value of thermal diffusivity with respect to mass diffu-
sion coefficient. The asymptotic behaviour of Eq. 9 for
wave numbers larger than gr is 77 (q) = 1/(arq?) so
that the thermal diffusivity ap can be obtained from the
fitting of the experimental data points in this region.

9)

T (q) =

4 Results and discussion

Mass diffusion and Soret coefficients for the mixture
TEG/water at different concentrations are already
known in the literature [42]. The present paper is
intended to bring new measurements of the fluid trans-
port properties at different temperatures. Some of
the values reported here are anticipated in a joint
paper about the system TEG/water/ethanol and the
associated binary mixtures characterised by different
measurement techniques [18]. Here we provide a full
detailed description of the experiments performed in
our laboratory by means of dynamic shadowgraphy and
the analysis of NEFs.

4.1 Thermodiffusion experiments

One remarkable property of the TEG/water mixture
is that the sign of the Soret coefficient changes with
respect to concentration. This implies that under ther-
mal stress the denser component (TEG) migrates

Page 7 of 15 _#HH#H#_
C AT = +20°C AT = -20°C
0.3 w/w
not performed
0.5 w/w
0.7 w/w

Fig. 4 Shadowgraph patterns obtained at a mean temper-
ature of 25 °C after applying different temperature gradients
to samples of TEG concentration C' (from top to bottom)
0.3, 0.5 and 0.7 w/w. The temperature difference over the
cell thickness is of AT = +20°C (heating from above) for
the left column, and AT = —20°C (heating from below)
for the right one

towards either the hot plate or the cold one. For C =
0.3 w/w, the Soret coefficient is positive, so that the
TEG migrates towards the cold plate, while for concen-
trations higher than C' = 0.5 w/w the Soret coefficient
is negative in the temperature range between 15 °C and
40 °C, so that the TEG accumulates at the hot plate.
The presence of a negative Soret coefficient makes it
difficult to perform thermodiffusion experiments in the
presence of the gravitational field because, while heat-
ing the mixture from above, the density gradient gen-
erated by the concentration one (at the steady state of
Soret separation) is unstable and can induce convection
transport process in the system.

A first series of qualitative observations at the aver-
age temperature of 25 °C have been performed for
three different concentrations by applying to the sam-
ples either a stabilizing or a destabilizing temperature
gradient. A stabilizing temperature gradient generates
a density gradient parallel to the gravity acceleration.
It is thus obtained by heating from above AT = +20K
and with a positive thermal expansion coefficient . A
destabilizing temperature gradient generates a density
gradient anti-parallel to the gravity acceleration. It is
thus obtained by heating from below AT = —20 K.

As visible in Fig. 4, samples for C'= 0.3, 0.5 and 0.7
w/w have been stressed by positive and negative tem-
perature differences while shadowgraph images were
recorded in order to evaluate the presence of convective
patterns after reaching the steady state of the Soret
separation. The patterns obtained by heating the sam-
ples for C' = 0.3 w/w from above (thermally stable),
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Fig. 5 a Concatenated structure functions for different wave numbers of the thermodiffusion experiment carried out at
temperature difference of 420 °C, mean temperature of 25 °C and C' = 0.3 w/w. b Corresponding relative errors between

data points and the theoretical models

are featureless at the steady state, thus suggesting a
stable configuration. In the patterns visible at C' = 0.5
w/w slight features appear, thus suggesting a moderate
convective instability taking place within the fluid. This
means that the density gradient originated by the con-
centration gradient is slightly larger in modulus than
the density gradient generated by the temperature gra-
dient. Finally, strong convective patterns appear in the
case for C' = 0.7 w/w thus confirming the negative sign
of the Soret coefficient for the mixture TEG /water for
concentration of TEG larger than 0.5 w/w.

For the cases when a stable configuration was reached
at the steady state, series of images were recorded in
order to analyse the NEFs and extract the transport
properties of the mixture as described above. Series of
2500 images of 2048x 2048 pix? were recorded at 100
Hz, 10 Hz and 1 Hz at different mean temperatures of
20, 25 and 30 °C.

The SFs were calculated and concatenated according
to a procedure already presented in our previous work
[36,37]. The resulting SFs obtained for the concentra-
tion of 0.3 w/w of TEG and the average temperature
of 25 °C is shown in Fig. 5a.

The minimum accessible wave number is given by
Gmin = 27/ L, L being the side of the image in the real
space. For the acquired images, L. = 1.33 cm, so that
Gmin = 4.72cm™!. The theoretical maximum frequency
iS @maz = (Npiz/2) * @min = 4833 cm ™!, N, being the
number of the pixels along one side of the images.

By the analysis of the concatenated SF's, like those
shown in Fig. ba, we could determine that a double
exponential decay is present for wave numbers g <
200cm !, while a simple exponential decay is present
for wave numbers ¢ > 200 cm~!. In Fig. 5b the relative
errors residuals between the experimental points and
the theoretical models for wave numbers ¢ = 51.9cm ™!
and ¢ = 245.4cm ™! are reported. The values are typi-
cally smaller than 1% and random spread around zero,
indicating a good match between models and experi-
mental data. Following these observations, the SF's have

@ Springer

been fitted by Eq. 5 for wave numbers smaller than
200 cm~! and Eq. 4 for larger ones. As anticipated,
the resulting values for the parameters E(q) and F(q)
turned out to be negligible, as an indirect confirma-
tion that the images have been acquired at the steady
state of the thermodiffusion experiment. In this case,
the quantity A (q)/C (q) can be calculated and pro-
vides a useful indication of the signal-to-noise ratio of
the measurement. In Fig. 6, the values of such ratio are
reported for measurements performed at C' = 0.3 and
0.7 w/w and for different average temperatures.

The oscillations visible in the graphs are related to
the shadowgraph transfer function T (¢q) that vanishes
at specific wave number. The horizontal line visible in
Fig. 6 stands for the threshold value of 0.05 above which
we consider that a shadowgraph measurement cannot
provide reliable results [43,44]. After such analysis, we
decided to perform the fitting in the common wave
number range from 30 to 450 cm~! for both mixtures,
thus spanning more than one decade in wave numbers.

The decay times obtained by fitting data points with
the model functions described above are reported in
Fig. 7. In the latter, results are shown for the two con-
centrations of C' = 0.3 and 0.7 w/w at the three differ-
ent temperatures.

In both cases, two time decays can be identified for
most of the wave numbers. The fastest modes, cor-
responding to the smaller value of the time decay,
are related to the decay of thermal fluctuations. Data
points obtained for C' = 0.7 w/w are more scattered
than those obtained for C' = 0.3 w/w. A possible
explanation can be related to the negative Soret coeffi-
cient and the consequent coexistence of a stable density
gradient stemming from concentration profile and an
unstable one stemming from the temperature profile.
Nevertheless, two diffusive regimes are clearly visible in
both graphs, as indicated by the decay time behavior
proportional to ¢~2. On the contrary, the gravitational
effect is almost not observable and no clear maximum
can be detected for the thermal modes. Nevertheless,
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Fig. 6 Ratio between the static structure factor and the signal background as a function of the wave number and the
mean temperature for the thermodiffusion experiments carried out at temperature difference of a +20 °C for C = 0.3 w/w

and b —20 °C for C = 0.7 w/w
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Fig. 7 Decay times of the t-NEFs (77) and the ¢-NEFs
(T¢) as a function of the wave number and for three differ-
ent values of the mean temperature for the thermodiffusion
experiments carried out at temperature difference of a) +20

fitting the thermal time decays with the asymptotic
behaviour of Eq. 9 can provide a reliable estimation
of the thermal diffusivity ar. The slowest modes are
then related to the decay of concentration fluctuations.
For the two concentrations, a mass diffusive mode can
be detected as well as the effect of gravity reducing the
time decay of NEFs for wave numbers smaller than a
characteristic value (g.). Fitting the concentration time
decays with Eq. 6, provides the mass diffusion coeffi-
cients D and the cut-off wave numbers ¢. at different
mean temperatures. At the smallest wavenumbers for
C = 0.3 w/w, a deviation between the experimental
points and the gravity behaviour predicted by Eq. 6 is
noticeable. Such behaviour has already been observed
on polymer-based systems (slowing-down of the larger
fluctuations) [36,37], and can be attributed to the cou-

100 -
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0,14 orl,30%C PR TR T
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(b)

°C for C = 0.3 w/w and b) -20 °C for C = 0.7 w/w. The
continuous lines represent the fitting of the c-NEFs at 25
°C with Eq. 6. The dashed lines represents the fitting of the
t-NEFs at 25 °C with the asymptotic behavior of Eq. 9

pling between different modes, and can also explain why
the gravitational behaviour of the thermal fluctuations
is not detectable. With the values of D, q., § and v the
Soret diffusion coefficients St are calculated through
Eq. 7. The resulting values of the transport coefficients
obtained by thermodiffusion experiments are reported
in Table 2.

Uncertainties for the mass diffusion coefficients, cut-
off wave numbers and thermal diffusivities are those
given by the fitting routine. Uncertainties for the Soret
coefficients are calculated by error propagation. The
values reported in Table 2 show that the diffusion coef-
ficient increases with the temperature for the two TEG
concentrations, which is a reasonable behaviour as fluid
viscosity typically decreases with increasing tempera-
ture and the mass diffusion coeflicient is inversely pro-
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Table 2 Diffusion coefficients D, cut-off wave number qc, thermal diffusivity ar and Soret coefficient Srobtained by
thermodiffusion experiments of TEG /water mixtures at different mean temperatures 7' and TEG mass fraction concentration

C

T (°C) D (x107°% ecm?/s) ge (cm™) ar (x10™* cm?/s) Sy (x1073 K1)
C=03w/w

20 4.79 £ 0.12 86.7 £ 1.1 131 £ 0.4 23 £0.3

25 5.46 £ 0.15 86.8 £ 1.3 13.1 £ 0.2 2.3 +0.3

30 6.4 £ 0.3 84 £ 2 13.29 £ 0.13 20£04
C=07w/w

20 2.02 £ 0.08 70.7 £ 1.5 9.4+ 0.2 -3.8 £0.6

25 2.6 £0.1 703 £ 14 94 £04 -3.9+£0.6

30 2.73 £ 0.06 70.5 £ 0.8 9.4+ 0.4 -34+0.3

O q=566cm’
fit with Eq. 4
* g=236cm’
fit with Eq. 4

251

SF (arb. units)
o N

107 10° 10’ 102
time, seconds

(a)

Fig. 8 a Structure function for different wave numbers
of the free-diffusion experiment carried out at the mean
concentration of C' = 0.5 w/w, difference of concentration
AC = 02 w/w between the bottom and top layer solutions,

portional to the fluid viscosity, following the Stokes-
Einstein relation. Taking into account the uncertainties,
the values of the Soret coeflicient do not change over the
investigated temperature range for C' =0.3 w/w, and a
clear trend is not observed for C' = 0.7 w/w.

4.2 Free-diffusion experiments

For the concentration C' = 0.5 w/w it was not possi-
ble to obtain a reliable measurement of the mass diffu-
sion coefficient from the thermodiffusion experiments,
due to the negative value of the Soret coefficient, close
to zero [18]. Therefore, free-diffusion experiments were
performed at the average temperatures of 20, 25 and
30 °C. Further experiments were performed in free-
diffusion for the concentration C' = 0.7 w/w in order to
confirm the results obtained by thermodiffusion, given
the fact that this is the first time that a shadowgraph
investigation of NEFs is performed on a sample with
negative Soret coefficients to extract its transport coeffi-
cients. In the case of a free-diffusion experiment, the dif-
fusion cell is filled as described in Sect. 2.2. Briefly, the
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O q=566cm’ fitwithEq. 4| |
*  q=236cm’, fitwithEq. 4

Relative error (%)

102 107 10° 10’ 102
time, seconds

(b)

mean temperature of 25 °C and 80 minutes after closing the
valves. b Corresponding relative errors between data points
and the theoretical models

diffusion cell is first filled with the less dense solution
and subsequently, the less dense and the denser solution
fills about half of the cell, the valves are closed and the
free-diffusion process starts. In the case of the isother-
mal diffusion experiment, only one mode is expected
to be measured corresponding to the relaxation of c-
NEFs in the fluid mixture. The time decays are there-
fore expected to span a narrower range of time, so that
only one series of images of 1024x 1024 pix? is acquired
at a frequency of 10 Hz. In this simpler case, the SFs
are directly calculated by the DDA algorithm without
further processing, as shown in Fig. 8a for the average
concentration of C' = 0.5 w/w, a difference of concen-
tration of AC' = Cy — Cy = 0.2 w/w between the two
superposed fluid layers, a homogeneous temperature of
25 °C, and 80 minutes after closing the valves.

In Figure 8b we report the relative errors between
the calculated SF and the fitting by a mono-exponential
model of the ISF' (Eq. 4). At long correlation times the
residuals are slightly larger, but every time smaller than
3%, so that data points can be fitted through Eq. 4 for
the entire range of wave numbers. In Fig. 9 the signal-
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Fig. 9 Ratio between the static structure factor and the
signal background as a function of the wave number for the
free-diffusion experiments carried out at mean concentration
of C = 0.5 w/w, and for different concentration differences
between the bottom and the top layers, at 25 °C and 80
minutes after closing the valves

to-noise ratio is shown for the sample with C' = 0.5
w/w and the homogeneous temperature T' = 25 °C for
images taken 80 minutes after closing the inlet/outlet
valves. The values are reported for three different val-
ues of the concentration difference AC' =0.1, 0.2 and 0.4
w/w. By comparing Figs. 6 and 9, it is evident that the
signal obtained in the case of free-diffusion experiments
is much larger than the one obtained in the thermodiffu-
sion experiments. That is due to the fact that the overall
signal intensity is proportional to the square of the den-
sity gradient, that is much larger in the free-diffusion
case due to the different shape of the concentration pro-
file. The optical signal, however, is integrated over the
entire fluid vertical thickness, which reduces the overall
difference in signal intensity. As visible from Fig. 9, the
signal also increases with increasing concentration dif-
ference and distance for ACbetween 0.1 and 0.2 w/w.
However, it is approximatively the same in a log-log
graph whatever the distance for AC between 0.2 and
0.4 w/w, which is coherent with a quadratic dependence
of the signal to the concentration difference.

In the case of free-diffusion experiments, we decided
to further analyse data points in the wave number range
from 30 to 600 cm~', within which the signal-to-noise
ratio indicator keeps above the threshold. In Fig. 10 we
report the decay times obtained from fitting the SF's
as a function of the wave number ¢ and for different
times after closing the inlet/outlet valves. The graph
corresponds to a sample with C' = 0.5 w/w, AC =0.2
w/w and T =25 °C. As stated before, only one mode
can be detected corresponding to the decay of c-NEF's.
By fitting the decay times through Eq. 6 we can obtain
a measurement of the roll off wave number ¢. and the
mass diffusion coeflicient D.

For all the times, the relaxation time curve has a
bell-shape in the log-log plot of 7 vs. ¢q. As already
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Fig. 10 Decay times of the c-NEFs as a function of
the wave numbers for different times after closing the
inlet/outlet valves for the free-diffusion experiment carried
out at C' = 0.5 w/w, difference of concentration AC = 0.2
w/w and T = 25 °C. The continuous black line corresponds
to the curve got by fitting Eq. 6 to data points obtained 80
minutes after starting the free-diffusion experiment

reported in a number of publications, the right part
of such curves for large wave numbers corresponds to
the diffusive regime of ¢-NEFs. All curves collapse onto
a single one for large wave numbers, because the mass
diffusion coefficient remains constant during the free-
diffusion process. This can be clearly observed also in
Fig. 11-a, where the mass diffusion coeflicients obtained
after fitting time decays through Eq. 6 are shown as a
function of the normalised time (i.e. t/74, 74 calculated
using reference values of D). Moreover, the diffusion
coefficient does not change with respect to the applied
concentration difference AC. All data shown in Fig. 11
are relative to the average concentration C' = 0.5 w/w
at T'= 25 °C. On the contrary, the position of the max-
imum of the decay time bell-shape, q., decreases with
time, as shown Fig. 11-b.

The values obtained for the mass diffusion coeffi-
cient D are nicely centred around the literature value
obtained by Optical Beam Deflection (OBD) [18], that
is represented by a horizontal dashed line in Fig. 11a.
The values obtained for AC' = 0.1 w/w are somewhat
more scattered, which mirrors the smaller signal-to-
noise ratio, also visible in Fig. 9. Moreover, the measure-
ment error is increased for times close to the diffusive
time of the cell, because, again, the signal-to-noise ratio
decreases due to the decrease of the concentration gra-
dient. The values obtained for the mass diffusion coeffi-
cient remain almost constant as a function of time and
do not depend on the concentration difference imposed
at the beginning of the experiment. Conversely, the cut-
off wave number decreases with time and with the con-
centration difference according to Eq. 8. Fitting data
point with a power law and free exponent provides a
value of —0.11, rather close to the theoretical value of
-0.125.

The experiments reported in Fig. 12 have been per-
formed with average concentration C' = 0.5 w/w and
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Fig. 11 a Mass diffusion coefficient D and b cut-off wave number ¢. as a function of the normalized time for different
concentration differences for the free-diffusion experiments carried out at C = 0.5 w/w and T' = 25 °C
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Fig. 12 a Mass diffusion coefficient and b cut-off wave number as a function of the normalized time for different temper-
atures for the free-diffusion experiments with C' = 0.5 w/w and AC = 0.2 w/w

concentration difference AC' = 0.2 w/w. In Fig. 12a we
report the values of the mass diffusion coefficient and
the cut-off wave number as a function of the normalised
time and for different values of the homogeneous tem-
perature. In Fig. 12b we report the values of the cut-off
wave number as a function of the normalized time in
the same conditions.

In Figure 12a, the horizontal dashed lines provide
a visual reference of the values of the mass diffusion
coefficient obtained by OBD and reported in the lit-
erature [18]. The data points for T = 20 and 25 °C
are in very good agreement with the literature values,
however those obtained at 30 °C show a 10% difference
with respect to the literature one. In Fig. 12b we can
see that the wave numbers follow a power law depen-
dence upon reduced time with an exponent close to the
theoretical value of —0.125 for all the three investigated
temperatures.

In Table 3 we provide the obtained values of the mass
diffusion coefficients as obtained by the free-diffusion

@ Springer

experiments performed at the two average concentra-
tions of C' = 0.5 and 0.7 w/w, at the three different
homogeneous temperatures of 7' = 20, 25 and 30 °C.
For the average concentration of C' = 0.7 w/w, the stud-
ied concentration difference between bottom and top
solutions was AC = 0.2 w/w. The corresponding mass
diffusion coefficients obtained at different temperatures
are consistent or even compatible to those summarized
in Table 2 for the same TEG concentration of 0.7 w/w.

The uncertainties reported in Table 3 correspond to
the standard deviation with respect to the average value
including the measurements obtained at different nor-
malised times. In the case of the measurements per-
formed at C' = 0.5 w/w, we averaged data obtained for
AC =0.2 and 04 w/w.
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Table 3 Mass diffusion coefficients D obtained by free-
diffusion experiments at mean concentration C' in mass frac-
tion of TEG and homogeneous temperature 7'

D (x107% em?/s)

T (°C) C=0.5w/w C=0.7w/w
20 3.27 £ 0.10 2.15 £ 0.16
25 3.86 £ 0.14 2.32 £ 0.06
30 54 £ 0.3 3.00 £ 0.13

5 Conclusion

In this paper, we have measured the mass diffusion
and the thermodiffusion coefficients of triethylene gly-
col and water binary mixtures at different concentra-
tions and average temperatures. Up to our best knowl-
edge, this is the first time that the method combin-
ing dynamic shadowgraphy and the analysis of non-
equilibrium fluctuations is used to measure the trans-
port properties of a fluid mixture in a free-diffusion
experiment. It is also the first time that the method
is applied to measure the mass diffusion and the Soret
coefficients in a thermodiffusion experiment for a sam-
ple of negative Soret coefficient as it is the case for the
triethylene glycol/water mixture at C' = 0.7 w/w.

The obtained values of mass diffusion coefficient are
consistent with data available in the literature for the
range of temperature investigated in this study from
20 to 30 °C. The mass diffusion coefficients of 0.7
w/w triethylene glycol/water mixture measured at dif-
ferent temperatures through free-diffusion experiments
are consistent with those determined by thermodiffu-
sion experiments. An increase of the mass diffusion
coefficient as a function of the average temperature is
detected. On the other hand, the thermodiffusion coef-
ficient appears to be independent of the average tem-
perature of the sample at 0.3 w/w triethylene glycol
concentration. Soret coefficients have been determined
with a relative uncertainty of 10% without prior knowl-
edge of optical contrast factors.
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