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Abstract. High-pressure mass diffusion and Soret coefficients of the equimassic 1,2,3,4-tetrahydron-
aphthalene and n-dodecane binary mixture are obtained from dynamic light scattering analysis of con-
centration non-equilibrium fluctuations at the steady state of Soret-driven separation. A high-pressure
shadowgraph set-up has been developed to investigate thermodiffusion in free medium from atmospheric
pressure up to 20 MPa. Results at atmospheric pressure show excellent agreement with benchmark values.
High-pressure results for the mass diffusion coefficient confirm theoretical predictions by Leffler-Cullinan
relation. Further calculation of the thermodiffusion coefficient allows also comparison with previous exper-
imental results with, again, very good agreement.

1 Introduction

A macroscopic gradient of the concentration in a binary
fluid mixture induces mass diffusion and a temperature
gradient by means of the Dufour effect, whereas a tem-
perature gradient induces thermal diffusion and a concen-
tration gradient by means of the Soret effect [1]. A ther-
modiffusive experiment is typically performed by apply-
ing a stabilizing thermal gradient to a multi-component
fluid mixture thus obtaining a superposition of the men-
tioned phenomena. Restricting our interest to the mass
flux, we can note that the Fick diffusion and the Soret
separation act in opposite directions so that for a binary
mixture one can write the total flux of the denser com-
ponent �J as �J = −ρD[ �∇c + ST c0(1 − c0) �∇T ], where ρ

is the fluid density, D the mass diffusion coefficient, �∇c
the concentration gradient (of the denser component), ST

the Soret coefficient, c0 the equilibrium concentration of
the mixture and �∇T the temperature gradient. After the
application of the thermal gradient a transient state char-
acterised by an increasing concentration gradient leads the
system towards a stationary state where the flux vanishes
and �∇c = −ST c0(1 − c0) �∇T .

Characterising the mass transport properties of fluid
mixtures like D and ST still represents a real challenge
for scientists either form the theoretical, simulation or ex-
perimental point of view [2]. From the theoretical point
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of view the most challenging issue is the lack of a general
theory describing the Soret effect. From the experimen-
tal side, many techniques are now available [3] and most
of them are of optical nature. Recently great effort has
been dedicated to understand and obtain measurements
on transport properties of mixtures containing three or
more components as it is currently done within the inter-
national space project DCMIX [4].

Among the available optical techniques, we recently in-
troduced the use of dynamic Near-Field Scattering to in-
vestigate the properties of concentration non-equilibrium
fluctuations (c-NEFs) to study the transport properties of
the mixture [5,6].

A further ingredient is the fact that oil industry is
very much interested in getting a better understanding
of transport properties of multi-component fluid mixtures
in conditions typical of production fields; i.e. high pres-
sure (HP) and porous media [7]. Their interest is obvi-
ously aimed at increasing the capacity of accurately pre-
dicting the distribution of different species in an oil field
during its study campaign. One of the obstacles to reach
this task is the lack of understanding and/or availability
of experimental data for the influence of HP or porous
media on transport properties. Our research project thus
aims at providing reference experimental data for trans-
port properties of standard fluid mixtures in such condi-
tions [8,9]; i.e. performing high-pressure measurements on
binary mixtures stressed by a temperature gradient and
going through mass diffusion and Soret separation across
a porous medium.

In this paper we report our measurements of the mass
diffusion and Soret coefficients of a binary mixture in
free medium and in a wide pressure range. The liquid
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Fig. 1. 3D drawing of the high-pressure cell.

mixture belongs to the well-characterised Fontainebleau
benchmark [10] and is an equimassic 1,2,3,4-tetrahydro-
naphtalene (THN) and n-dodecane (n-C12) at constant
temperature Tmean = 298.15K.

The remainder of this paper is organized as follow:
in sect. 2 the experimental set-up is briefly described, in
sect. 3 the theory of non-equilibrium fluctuations is sum-
marized to provide the working equations used in the fol-
lowing, in sect. 4 experimental results are presented and
compared with literature data and theoretical models, and
finally conclusions are provided in sect. 5.

2 Experimental set-up and procedure

2.1 Experimental set-up

The experimental set-up is quite similar to the one used
in previous experiments, so that the reader is addressed
to older papers for more details [5,6]. Only the thermod-
iffusion cell has been significantly modified to allow HP
measurements. Consequently, also the filling procedure is
changed. In fig. 1 we report a sketch of the high-pressure
thermodiffusion cell, specifically designed for applying a
vertical temperature gradient with excellent thermal ho-
mogeneity and stability to a horizontal thin slab of a
multi-component fluid under high pressure while provid-
ing vertical optical access to a central area of the cell.
The cell core consists of a stainless steel annulus of inter-
nal/external diameter 30/75mm with high-pressure inlet
and outlet at its opposite sides. This part accommodates
Viton O-rings for sealing and square sapphire plates kept
at a distance L = 5mm by the annulus itself, thus defin-
ing the sample thickness. In order to minimize the con-
tact between the liquid sample and the conductive metal
a Teflon annulus (internal/external diameter 19.8/30mm)
with two thin holes for inlet/outlet of the fluid has been
inserted in the inner part of the stainless annulus zone.

Similarly to the ambient-pressure version of the cell,
the external sides of the sapphire windows are in ther-
mal contact with two aluminium plates with a central
circular aperture (d = 13mm), where two thermistors
(Wavelenght Electronics, TCS651) are installed to moni-
tor the sapphire temperature. External to the aluminium

plates, two Peltier elements (Kryotherm, TB-109-1.4-1.5
CH) with central circular aperture (d = 13mm) pro-
vide/remove the heat necessary to maintain the set-point
temperature as driven by two temperature controllers
(Wavelenght Electronics, LFI-3751). Finally, external to
the Peltier elements, two aluminium plates are flown with
water coming from a thermostatic bath (Huber, ministat
125) to remove the excess heat of the Peltiers.

The filling system for HP measurements consists of: a
rotary vacuum pump able to evacuate most of the air from
the cell before filling operations down to a residual pres-
sure of about 10Pa; a fluid vessel at atmospheric pressure;
a manual volumetric pump and a number of valves to fa-
cilitate the procedure. Briefly, after a low vacuum is made
inside the cell, the mixture to be studied is transferred to
the cell by acting on the volumetric pump. Visual check
allows avoiding bubbles during the injection procedure.
After that, the cell is abundantly fluxed with the fluid
mixture. At the end of the procedure a valve is closed
and the volumetric pump is operated to modify the liq-
uid pressure within the cell. A manometer (Keller, PAA-
33X, pressure range: 0.1–100MPa, precision ±0.04MPa)
is connected between the volumetric pump and the cell
to measure the pressure of the fluid mixture. A second
identical manometer is connected to the outlet of the cell.
The manometer signals are transferred using an acquisi-
tion card (National Instruments, NI 9215) interfaced to a
computer.

The optical technique of choice is Near-Field Scatter-
ing [11–13] by means of a shadowgraph set-up [14,15]. The
shadowgraph optical set-up has been slightly modified also
and presently involves a low coherence light source (Su-
per Lumen, SLD-MS-261-MP2-SM) connected to a single-
mode fibre whose output is collimated by an achromatic
doublet lens (f = 15 cm, ϕ = 5 cm). The light polarization
is set by a fixed linear polarizer just after the collimat-
ing lens. A second polarizer after the sample allows set-
ting the beam intensity. A charged coupled device (CCD)
camera (IDS, UI-6280SE-M-GL) positioned at a distance
z = (10.0 ± 0.5) cm from the sample plane collects the
light. The camera sensor consists of 2448 × 2048 square
pixels with a side of 3.45μm. No further lens is installed
between the sample cell and the CCD sensor so that the
image plane is at the detector plane itself and the sample
is out of focus by a distance z. The camera is able to trans-
fer about 8.2 images per second to the PC connected via
a GigE connection. In order to save the images as quickly
as possible, storage is made on a solid state disk (SSD).

2.2 Dynamic near-field imaging

Near-field imaging is a family of optical techniques [16–
19] based on a similar physical principle. The common
idea is that the light scattered by refractive index inho-
mogeneities within the sample is collected by a pixelated
detector together with the (much more intense) transmit-
ted beam in the near field, i.e. sufficiently close to overlap
on the detector providing interference. In this way the in-
visible refractive index fluctuations are transformed into
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detectable intensity fluctuations and recorded in the form
of images. This family includes different techniques like
near-field scattering [11,16,18,19], shadowgraph [5,6,14,
15,20–22], Schlieren [15,23,24] where the main difference
is the wave vector range they are able to analyse. A se-
ries of such images maps both spatial and temporal fluc-
tuations of the refractive index inside the sample which
are related to its temperature and concentration fluctua-
tions and can be analysed by means of statistical analysis
of the image Fourier transforms. In this case, we apply
the Differential Dynamic Algorithm [5,6,13,20,21,23,25,
26] in order to extract the temporal correlation function of
c-NEFs. Since this processing requires a heavy computa-
tional effort, we make use of custom-made software taking
advantage of the parallelization capabilities of a graphic
board [27].

Near-field images consist of intensity maps I(�x, t) of
the refractive index fluctuations occurring within the
sample. Statistical analysis involving bi-dimensional fast
Fourier transforms (2D-FFTs) and azimuthal averages
provides accurate measurements of the intensity S(q, t)
of the light scattered at each wave vector q grabbed by
the optical set-up and for all the times t of the acqui-
sition sequence. The dynamic differential algorithm has
been demonstrated to provide direct access to the struc-
ture function of the sample for all the wave vectors in the
optical system by means of a statistical analysis of dif-
ferences of images. Details of the dynamic analysis can
be found elsewhere [5,6,13,20,21,23,25,26]. Here we just
recall the working principle and the main equations used
to fit experimental data. We define the structure function
CNE(q,dt) for the given wave vector q and time delay dt:

CNE(q,dt) =
〈
� |Δim(q,dt)|2

〉

= 2 {S(q)T (q)[1 − f(q,dt)] + B(q)} , (1)

where Δim(q,dt) is the Fourier transform of the difference
of two normalized images temporally separated by a time
dt, S(q) the static power spectrum of the sample, T (q) an
optical transfer function, f(q,dt) the intermediate scat-
tering function (ISF) and B(q) a background containing
electronic noise but also thermal NEFs, much faster than
the acquisition delay time. For many cases of practical
interest, the ISF can be safely approximated by a single
exponential decay f(q,dt) = exp(−dt/τ(q)) so that eq. (1)
takes the form

CNE(q,dt) = 2 {S(q)T (q)[1 − exp(−dt/τ(q))] + B(q)} .
(2)

Fitting the structure function by means of eq. (2) with
S(q)T (q), τ(q) and B(q) as free fitting parameters for each
wave vector allows determining the time constants τ(q).
Remarkably, since this analysis takes into account only
the temporal evolution of NEFs, this is the only optical
technique that does not need knowledge of the so-called
optical contrast factors ∂n/∂c and ∂n/∂T [28,29] very dif-
ficult to obtain in HP conditions.

3 Non-equilibrium fluctuations

NEFs are tiny (in intensity) but giant (in lateral size)
fluctuations of the thermodynamic variables that are uni-
versally related to the presence of gradients. A description
of the theory of NEFs can be found in the nice book by
Ortiz de Zárate and Sengers [30]. Here we briefly recall
the essential equations that describe the time decay of c-
NEFs in the presence of the terrestrial gravitational field
and neglecting the action of confinement.

As stated before, the temporal correlation function of
c-NEFs is expected to be a single exponential decay for
all wave vectors, with time constants τ(q) varying as a
function of q. For wave vectors larger than a characteristic
wave vector q∗s , the decay time is the diffusive one τ(q) =
1/(Dq2), while for wave vectors smaller than q∗s , buoyancy
leads to a quadratic dependence of the decay time with
respect to the wave vector τ(q) = q2ν/(βg∇c).

The characteristic wave vector q∗s is related to fluid
parameters and the gravitational field as [31]

q∗s =

(
βs�g · �∇c

νD

)1/4

, (3)

where βs = (1/ρ)(∂ρ/∂c) is the solutal expansion coef-
ficient, �g is the gravitational acceleration, and ν is the
kinematic viscosity.

Over the entire wave vector range, the decay time is
expressed by a characteristic bell-shape curve:

τ(q) =
1

Dq2 [1 + (q∗s/q)4]
. (4)

This has been experimentally verified in a number of pa-
pers by means of similar approach [5,6,20,21,23]. The
combined effect of mass diffusion and gravity (or diffusion
only, in space experiments) has been measured also by
ultra-low-angle static light scattering machine and shad-
owgraph [32–35].

Similar reasoning can be applied also to thermal fluc-
tuations, leading to analogous equations. Here, however,
we are interested in the analysis of the concentration com-
ponents, the thermal ones being too fast to be investigated
by our optical set-up essentially due to the limited frame
rate of the CCD camera. Since the concentration gradient
can be written in terms of the temperature gradient and
the Soret coefficient, the characteristic wave vector can be
written as

q∗s = 4

√
βgΔTST c0(1 − c0)

LνD
. (5)

By inverting eq. (5), one can derive an expression of the
Soret coefficient ST as a function of the (measurable) char-
acteristic wave vector q∗s , of the mass diffusion coefficient
D and of the other (known) fluid properties [5,6]

ST =
q∗s

4νDL

βgΔTc0(1 − c0)
. (6)
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Fig. 2. Variance of the differences of successive images for a
typical set (blue line). Undesired peaks can be detected for
which the contrast exceed 3 times the variance RMS, thus al-
lowing detection of “problematic” images (green squares).

4 Results and discussion

4.1 Experimental conditions

A series of experimental runs with different pressures
have been performed with a binary mixture of 1,2,3,4-
tetrahydronaphthalene and n-dodecane (THN/n-C12)
at equimassic concentration. The mean temperature is
298.15K and the applied temperature difference ΔT =
20K for all the runs. The sample consists of a layer of L =
5mm and a lateral size given by the containing Teflon an-
nulus which internal diameter is about ϕ = 19.8mm. For
each pressure value, 5 series of 2000 images each have been
acquired with an acquisition time delay Δt = (150±1)ms.
Each dataset has then been processed on a dedicated PC
with custom-made software in order to perform parallel
processing of the images to get the structure functions for
all the wave vectors and for all the time delays accessible
within the image dataset [27].

With respect to precedent versions of the software we
have now implemented a preliminary check of the images
performed prior to calculate the image FFTs. The goal of
this step of analysis is to automatically detect “problem-
atic” images and to exclude them from the calculations.
“Problematic” images are typically generated by a dust
particle moving in the beam path of the optical set-up
thus generating a moving fringe pattern which has noth-
ing to do with the signal of interest. We therefore calcu-
late the variance of each difference of two successive im-
ages Var(t) = Var(δi(x, y, t)) = 〈[i(�x, t) − i(�x, t + Δt)]2〉�x
and then analyse it as a function of time. A typical plot
of Var(t) is shown in fig. 2 where one can clearly detect
the presence of peaks of the contrast. To automatically
detect these peaks we calculate the variance root mean
square (RMS) and define a “problematic” image as an
image whose variance is outside 3 times the RMS and set
its weight to zero, whereas for “normal” images it is set
to unity.

After filling the cell and increasing the pressure to the
desired value, the system is let stabilize at the average

Fig. 3. Structure function CNE(q, dt) vs. time delay for wave
vector q = 169 cm−1. Continuous red line indicates the fitting
function. Data points refer to the following experimental con-
ditions: sample THN/n-C12, c0 = 50% w/w, Ttop = 308.15 K,
Tbottom = 288.15 K, P = 0.1 MPa and image delay time
Δt = 150 ms.

Fig. 4. Time constant τ(q) vs. wave vector q: points are for
experimental data, whereas the red continuous line is for the
fitting function as per eq. (4). Data points refer to the same
experimental conditions as fig. 3.

temperature of 298.15K for about 5 hours before apply-
ing the temperature difference of 20K via the two dis-
tinct temperature controllers. A linear temperature gra-
dient sets up in a time of the order of 100 seconds. The
image acquisition is then started about 12 hours after the
application of the difference of temperature to be sure that
the concentration gradient due to the Soret effect is fully
developed.

4.2 Analysis of non-equilibrium fluctuations

In fig. 3 a typical structure function is shown as a function
of the time delay between images for one wave vector q =
169 cm−1 at atmospheric pressure. One can easily detect
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Table 1. Experimental values of the diffusion coefficient D, Soret coefficient ST and thermodiffusion coefficient DT vs. pressure.

P (MPa) D (10−10 m2/s) ST (10−3 1/K) DT (10−12 m2/(s K))

0.11 6.25 ± 0.01 9.3 ± 0.5 5.8 ± 0.3

1.06 6.13 ± 0.02 8.5 ± 0.4 5.2 ± 0.3

2.49 6.06 ± 0.01 9.1 ± 0.4 5.5 ± 0.2

3.75 6.01 ± 0.04 9.4 ± 0.5 5.7 ± 0.4

5.07 5.89 ± 0.01 9.0 ± 0.5 5.3 ± 0.3

10.30 5.64 ± 0.04 8.8 ± 0.4 5.0 ± 0.2

20.21 5.05 ± 0.05 8.0 ± 0.7 4.1 ± 0.4

Fig. 5. a) Diffusion coefficient D and b) Soret coefficient ST vs. pressure for the THN/n-C12, c0 = 50% w/w mixture at
298.15 K: circles are for experimental data, whereas the continuous red line for panel a) stands for estimation by means of
eq. (7). In both figures the thin lines show a linear regression of the experimental data.

the amplitude set by the term S(q)T (q) and the starting
value given the background B(q) for dt → 0.

For each set of images structure functions are fitted
by means of eq. (2) with S(q)T (q), τ(q) and B(q) as free
fitting parameters for each wave vector. In fig. 4 decay
times τ(q) are shown as a function of the wave vector q
for the experiment at atmospheric pressure, together with
the result of fitting by eq. (4) (solid line). Values of the
diffusion coefficient D and the critical wave vector q∗s are
obtained for each run.

Uncertainties in fig. 4 are the standard deviation from
mean value of the time constants calculated from five dif-
ferent experiments per each pressure value.

4.3 Mass diffusion and Soret coefficients

Solutal expansion coefficient and viscosity under high
pressure for the THN/n-C12 mixture have been measured
in previous works [9,36]. From the values of D, q∗s and
known fluid parameters the Soret coefficients can be cal-
culated by means of eq. (6) for each experimental run. The
values for each set of measurements at the same pressure
are then averaged. In fig. 5 the averaged values of D and
ST as a function of the pressure are shown.

At atmospheric pressure we found values of D =
(6.25±0.01)×10−10 m2/s and ST = (9.3±0.5)×10−3 K−1

confirming the results obtained in previous measurements
with an atmospheric pressure cell [5,6], as well as well-
established benchmark values [10].

In fig. 5a also a theoretical prediction by a Leffler-
Cullinan relation [37] is plotted. This equation is used to
make an evaluation of the molecular diffusion coefficient
in free media D as a function of the pressure:

D(P ) × μ(P ) ≈ constant, (7)

where μ is the dynamic viscosity of the fluid.
At atmospheric pressure and with the literature value

for D, we evaluate the constant in eq. (7). The continuous
red line in fig. 5a represents then the evaluated values of
diffusion coefficient in free media D thanks to the mea-
sured values of viscosity [9,36]. The agreement with the
presently measured values of D is excellent. A linear re-
gression is shown in the graph as a thin line, along with
resulting equation.

The values of the Soret coefficient presented in fig. 5b
present a larger error due to the 4th power in eq. (5) and
are relatively scattered. However, a decrease of the value
of ST as a function of pressure can be detected. Again, a
linear regression is shown as a thin line, together with the
resulting equation. Experimental data for ST and D are
reported in table 1.

In fig. 6 we report the values of the thermodiffusion
coefficient DT as evaluated by using

DT = ST × D. (8)

The red line represents a linear fit of reference DT values
measured with an HP thermogravitational column [38],
whereas the thin line is a linear fit of our values of DT .
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Fig. 6. Thermodiffusion coefficient vs. pressure for the
THN/n-C12, c0 = 50%w/w mixture at an average temper-
ature of 298.15 K: circles are for experimental data, whereas
the continuous red line stands for references values [38].

The agreement between our data points and the reference
data is very good taking into account the experimental
errors on D and ST . We confirm a decrease of the value of
the DT as a function of the pressure. Calculated values of
the thermodiffusion coefficient DT from our experimental
data are also reported in table 1.

5 Conclusions

A high-pressure shadowgraph set-up has been developed
to measure mass diffusion and Soret coefficients under
high pressure. Acquired images are analysed by means of
the differential dynamic analysis leading to the retrieval of
the time decay for each wave vector and ultimately to the
mass diffusion D and Soret ST coefficients of the analysed
binary mixture. Calibration tests of the set-up and pro-
cedure have been performed at atmospheric pressure with
the THN/n-C12 equimassic mixture. High-pressure mea-
surements have been performed up to 20MPa. The evolu-
tion of D as a function of the pressure is in good agreement
with the theoretical predictions given by a Leffler-Cullinan
relation. A slight decrease of the value of ST as a function
of the pressure is detected.

From the obtained values of D and ST , the thermodif-
fusion coefficient DT can be calculated, too. These values
are compared with those obtained by the group of Bou-Ali
by means of a high-pressure thermogravitational column,
showing very good agreement.

An important point of the measurement technique pro-
posed here is that it is totally non-invasive, whereas the
thermogravitational technique requires liquid sampling,
which is rather problematic at high pressure. Also, un-
like other optical methods, our technique does not need
knowledge of optical contrasts factors. Finally, this work
confirms that the proposed experimental technique can be
considered a sound approach for the study of thermodif-
fusion process also under high-pressure conditions.

We thank J.M. Ortiz de Zárate from the Universidad Com-
plutense de Madrid for helpful discussions and G. Galliero and
G. Pijaudier-Cabot from LFC-R for financial support. We are
grateful to L. Marlin, head of the University of Pau workshop,
for his help in designing the high-pressure cell.
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