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Abstract

The numerical and experimental results presented in this work shows that a relatively small temperature
gradient (5K), has great potential to generate a separation in interesting mixtures for biological purpose.
In fact, it improves molecular diffusion separation process of a protective cryo (10% of dimethyl
sulfoxide (DMSO) in phosphate buffered saline (PBS)) for cryopreserved cells, by 10%. This separation
process was analyzed both numerically and experimentally, for which it was necessary to determine
experimentally the thermophysical and transport properties of the mixture of 10% of DMSO in PBS.
Experimental tests were done in a microdevice with a working section of 500pm x 25mm and a length of
75mm, which was designed, constructed and first of all validated with the mixture of reference H20-
Isopropanol at a mass fraction of 50%. Experimental test with the protective cryo were done with inflow
rates between 1000 pL/ min to 4000 pL /min. The results confirm that the effect of thermodiffusion must
be considered in handling processes of biological fluid mixtures because the existence of a thermal

gradient could improve the efficiency of the separation process in microdevices.

1. Introduction

For more than two decades, it has been considered that the miniaturization of test systems and procedures
provide great advantage in diverse industries, particularly in the biotechnology sector [1]. This
miniaturization requires the development of microfluidic platforms using a variety of devices in sample
preparation, detection and diagnosis, mainly centered on the health sector. Many of these devices need
efficient mixing and separation procedures, applied to molecules, analytes or particles [2]. As a result, in
recent years, there have been countless numbers of new techniques and procedures developed for this
determination [3, 4]. These techniques can be separated into two categories: i) passive devices, in which
the separation or mixing operation is removed without the application of any external force, ii) active

devices where actuators or external forces are employed for this goal.

Submillimeter dimensions of the channels used in microdevices, affects negatively in the operation of
mixing or separation, because flows are purely laminar [5]. The absence of convection leads to do the
mixing process under a purely diffusive regime. In order to optimize the mixing process in the majority of
microdevices, T or Y geometries are used up as reference [6] [7] [8]. Similarly, chaotic advection has
been used, which is based on breaking the laminar flow of sharp changes in geometry [9], or by
introducing obstacles in the main channel in the form of poles [10] or grooves [11]. The possibility of
improving mixing, forcing a transverse vortex called "Dean Flow" which introduces curvature in the main
channel also has been studied [12], or applying acoustic fields [13], electric fields [14], magnetic fields
[15] and others [16] [17].

Detection, quantification and analysis of clinical samples such as DNA, proteins or amino acids, require

efficient separation processes, and several studies have attempted to develop such microtechnology [18]
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[19]. Passive separation devices are used in applications involving the preparation of biological samples
such as separation of blood plasma by capillary action [20], sedimentation [21] or the Zweifach -Fung
effect [22]. For the extraction of different size analytes, filters were developed with H shape, where
analytes are extracted due to the molecular diffusion coefficient difference [23]. Hydrodynamic forces
have also been used for the separation of particles to control the entry conditions in curved channels [24],
and straight channels [25]. The development of active microseparators has employed centrifugal [26],
ultrasonic [27], electrical [28] or magnetic fields [29]. The implementation of such devices increases
efficiency, however, technical complexity makes it more difficult to integrate them into microfluidic
platforms. This is why so many advances have been made in passive separation, although it is inefficient

and very complex [30].

Active devices, even if they are for mixing or separation, are more effective than passives. However this
technology is more complicated to embed to the microdevices and to control them. That is why is doing
great effort in passive devices to increase the efficiency up to the active ones in mixing and separation

processes [30].

One of the applications of microfluidic devices is cleaning cryopreserved cells, which involves removing
the protective cryo by molecular diffusion [31] [32]. Such these protective cryo is dimethyl sulfoxide
(DMSO), which is mixed with PBS (phosphate buffered saline), used to cryogenate cells, tissues or
organs [33]. Although DMSO protects the cell in freezing, exposure for a prolonged period have adverse
impact on the cells [34] [35].Therefor, , cleaning is necessary before clinical application. The standard
technique is the spin cleaning, however, this process may damage up to 30% of the cells [36]. This makes

microdevices an attractive alternative..

Nevertherless, microdevices utilized for extracting cells DMSO from cells may have limited applicability
because separation by molecular diffusion may be excessively slow. This study offers an experimental
and numerical study in microdevices in order to optimize the separation efficiency of biological fluids

using thermodiffusion effect by applying temperature gradients [37].

Thermodiffusion in liquids has been extensively examined [38], since it was discovered that a
temperature gradient generates a redistribution of species in a mixture [39]. Later and independently,
Soret quantified this in greater depth [39]; this is why the phenomenon of thermal diffusion is also called
as Ludwing-Soret effect. The Ludwing-soret effect was an important development as it enabled the
analysis of the partial separation of components in a mixture by the application of a temperature gradient.
This phenomenon has great of importance in many natural processes, such as in the dispersion of
components of oil wells [41] [42], or the dispersion of the components in the magma [43], in the
characterization of isotopes [44], even in the distribution of elements in creating life [45] and also in

biological fluids such as DNA, proteins or bacteria [46] [47] [48].

The result of a temperature gradient of a binary mixture generates a species flow according to Equation

(1):



J =-DVe,p - pD;c,(1- ¢, )VT 1)

Where D is the molecular diffusion coefficient, c, is the mass fraction of the reference component in the
initial homogeneous mixture, p is the density, Dy is the thermodiffusion coefficient and VT is the
temperature gradient applied. The second term of Equation (1) quantifies the flow separation created by
the temperature gradient within a mixture, which is governed by the thermodiffusion coefficient,. The
first term, quantifies the mixture flow caused by concentration gradient, which is dominated by the
molecular diffusion coefficient. When the denser component is led to the cold wall is called positive Soret
effect, and the opposite is called negative Soret effect. Therefore, in order to understand the behavior of a
mixture under the temperature gradient it is essential to quantify the value and the sign of the Soret
coefficient. This is why the magnitude and sign can vary for the same mixture as a function of the

concentration [49], average temperature [50], or even colloidal size [51].

This paper is organized into five parts. The beginning identifies the methodology used in the
determination of thermophysical and transport properties. The following section shows the numerical
model and the experimental validation. In the and discussion, the obtained optimization is checked in the

procedure of separation by using temperature gradients. Finally, the conclusions are presented.

2. Determination of thermophysical and transport properties for DMSO/PBS mixture with a mass

fraction of 10% of DMSO.

2.1. Thermodiffusion coefficient

To determine the mass flow generated within a mixture under the temperature gradient it is essential to
know Dr and D. In order to determine experimentally D the Thermogravitational column technique in a

flat configuration has been used (Fig. 1):
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Fig. 1 Thermogravitational column (dimensions of the inner gap: Imm x 50mm x 500mm)

The mixture is confined inside the gap and subjected to a horizontal temperature gradient. This
temperature gradient is achieved by two tempered recirculating baths at To+AT/2 and T,-AT/2 in each
wall. The temperature gradient causes a horizontal separation of the mixture components inside the
thermogravitational column (CT). The gravitational field effect enforced convection , thus generating a
vertical separation. The Thermodiffusion coefficient can be determined once the solution reaches steady

state using the FJO theory from the segregation by equation (2) [52] [53]:

4
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Where p is the dynamic viscosity, Ly is the inner gap of the CT, a= - (1/p) (0p/ 0T) is the thermal
expansion coefficient, = (1/p) (dp/ dc) is the mass expansion coefficient and g is the gravitational

acceleration.

In this experiment the density gradient dp/ 0z was obtained by measuring the density of the extracted

samples (4 in total) at different heights in the column, once the equilibrium state was reached (Fig. 2).
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Fig. 2 Density in function of the height of the TC in the steady state, for a mixture of DMSO/PBS to a
mass fraction of 10% DMSO at 25 °C.

In order to obtain the mass expansion, a calibration of the density in function of the concentration was
carried out. For this, different samples with a concentration in average of 25°C, higher and lower than
average concentration were used (Fig. 3a). Similarly, the thermal expansion coefficient was determined
measuring the density of the mixture in function of the temperature (Fig. 3b). To determine these
coefficients, the density was obtained by an Anton Paar densitometer DMA 5000 vibrating U quartz tube
with a resolution of 1.10°° g/cm?, and with temperature control based on a Peltier system with a resolution

of 0.001 K..
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Fig. 3 Determination of a) mass and b) thermal expansion coefficient for the DMSO/PBS mixture to a

mass fraction of 10% DMSO at 25 °C

The viscosity was determined by an Anton Paar ball drop AMVn Microviscosimeter, the accuracy of
which is + 0.5%. Peltier elements integrated in the device control the temperature to an accuracy of 0.05
°C. A complementary method was also used; a HAAKE brand ball drop viscometer, which resolution is £

1%.

1.1. Molecular diffusion coefficient

The determination of the molecular diffusion coefficient was been determined with the Sliding Symetric
Tubes (SST) technique (Fig. 4). This technique requires a number of sets consisting of two identical

tubes. These assemblies have two positions: separate (Fig. 4a) and facing tubes (Fig. 4b).

In the separate configuration, the contents of both tubes are separated, while in the position of facing
tubes, the two tubes are tied. In the separate tubes, the mixture is inserted with a small concentration

difference into each of the tubes.

To define the molecular diffusion coefficient of DMSO/PBS mixture (phosphate buffered saline) at 10%
of DMSO, samples were prepared with 13% mass fraction of DMSO and another sample at 7%
concentration of DMSO mass. The mixture with a higher density was introduced into the bottom tube,

while the less dense mixture is inserted into the upper tube, thus preventing convection.

The sets were placed in separate tubes position in a bath at 25 °C (Fig. 4 c). In the separate position the
mixtures are kept apart until the constant temperature is reached, then they are aligned (facing position) to

allow the fluids to mix.

At different time intervals each set were changed to the separate tubes position, thus stopping diffusion.
The change in concentration in each tube was determined in function of time, and therefore the molecular

diffusion coefficient of the mixing was obtained [54] from the following equation:
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Where w'?and w"" represent the mass fraction in the upper and lower tube and L the length of the tube.

Fig. 4 The installation of Sliding Symmetric Tubes. a) Separate and b) facing tubes c) tempering bath
with multiple sets SST

2.3. Results of thermosphysical and transport properties

Thermophysical and transport properties were specified for a mass concentration of 10% DMSO in PBS
at 25 °C. Specifically the density, dynamic viscosity, thermal and mass expansion coefficient,
thermodiffusion, molecular diffusion and Soret coefficient were determined. All experiments were
replicated at least 4 times. In all cases the deviation was less than 4% with regard to the Soret coefficient
(Sr= D¢/ D).

Table 1 summarizes the results of the thermophysical and transport properties. This experimental study
demonstrated that in the mixture, DMSO/PBS at 10% of DMSO and at a mean temperature of 25°C, the
thermodiffusion coefficient is positive. Thus, in a temperature gradient DMSO, as DMSO is the heaviest

component, it concentrates or migrates to the cooler wall.

Table 1 Transport and thermophysical properties of DMSO/PBS mixture at 25 °C and a mass fraction of
10% DMSO

U
p . B o D Dr Sr
DMSO g g/m?) (’"5’ TS0l 109 (KD (10°) (m¥s) (10" (mYKs)  (10°)(K)
10% 107064 1345 0706  0.397 1.88 2.38 1,26



3. Numerical model

The numerical studies carried out in this report are based on the Finite Volume Method (FVM) and
Computational Fluid Dynamics (CFD) [55]. The separation process with the thermodiffusion effect in the
microdevice employed by Mata et. al. [32] was numerically analyzed to separate DMSO. The
microdevice consists mainly of a central cavity of constant rectangular section in which separation occurs.
The flows are introduced through two opposite inputs. These two streams are separated by a divider plate
that redirects the flow and prevents mixing between them at the inlet, so that they flow in parallel through
the central cavity in laminar regime. Flow extraction is done by two outputs identical to the input pattern.

The total length from the inputs to the outputs is L. = 125 mm. The input splitter allows achieving fully
developed parabolic flow in the inlet of the central cavity. In contrast the output splitter is to obtain

undisturbed sampling.

In this study, the cleaning fluid (PBS) was introduced in the upper inlet. A mixture of 10% of DMSO in
PBS was introduced in the lower inlet. The model used in the numerical simulation represents the
principal components of the device, the central cavity and the changeover to the entryway and exit (Fig.
5).

The central cavity consists of two flat plates which creates a constant rectangular gap. The dimensions are

exactly the same as those used by Mata et al. [32], 25 mm wide, 500 pm high and 75 mm long.

500um

125mm

—
7

I

25mm

75mm

WV

-
T

Fig. 5 Model used for the numerical study

A 3D implicit numerical method was used assuming incompressible laminar flow at atmospheric
pressure. In order to obtain accurate results the double precision method was used. To prevent
instabilities, second-order discretization of pressure, density, velocity, mass and energy was applied. The
residual convergence criterion was established by an order of magnitude of 107, This ensured a
convergence of the values. Gambit software [56] was used for 3D pre-procesing the computational
domain of which was composed of a grid unevenly spaced of hexaedral cells To have a realistic

representation of the concentration gradients, a very fine mesh resolution of 1125000 cells was made.

The model fulfills Fick molecular diffusion low and thermodiffusion model The alterations in fluid
density with the concentration and temperature are expresed by the Boussinesq approximation, as

described in equation (4) [57]:



p =p0(1+a(T- Ty) + p(c- Co)) 4

Where p is the density in each cell, p, is the density of the homogeneous mixture, T the temperature in

each cell and T is the average temperature.

Mass transport is described by the equation (1). The temperature difference applied between the upper

and lower walls of the central cavity is 5 K. A “non —slip” boundary condition was imposed on the walls.
3.1. Validation of the numerical model

In order to validate the numerical model the results of separation obtained [32] for different working
conditions [37] in the purely diffusive regime were analyzed. In order to apply numerical analysis the

transport and thermophysical properties of the mixture were determined and are presented in Table 1.

The results for the 16 cases analyzed are shown in Table 2, which represents the dimensionless dependent
variable concentration in the bottom outlet c./c, where ¢, is the initial mass concentration of DMSO
(10%) and c. is the mass of DMSO concentration in the exit. Furthermore, it represents the proportion

between the input streams, according to equation (5):

_ QDMSO - PBS

fo= Qror (5)

Where Q pusorss is the volumetric flow rate off the DMSO/PBS mixture to a mass fraction of 10% of
DMSO (bottom inlet) and Q tor is the total inlet volumetric flow rate. The PBS inlet flow is Qpgs (upper

inlet), thus Qror= Qees + Qomso-pas -

Table 2 Comparison of experimental and numerical separation ratio in a purely diffusive regime, for the
mixture of DMSO/PBS with a mass fraction of 10% DMSO at a mean temperature of 25 °C

f, QTOT c/co /e dev(i)ation
(10°) (m¥min) [30] (this work) (%)
0.1 3.3 0.13 0.132 1.53
0.1 5.4 0.17 0.173 1.76
0.1 7.5 0.20 0.202 1
0.1 13.3 0.26 0.257 -1.15
0.15 3.3 0.20 0.204 2
0.15 5.4 0.25 0.255 2
0.15 7.5 0.29 0.296 2.06
0.15 13.3 0.37 0.373 0.81
0.23 3.3 0.30 0.304 1.33
0.23 5.4 0.36 0.373 3.6
0.23 7.5 0.41 0.426 3.9
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0.23 13.3 0.52 0.524 0.77

0.37 3.3 0.46 0.457 -0.65
0.37 5.4 0.53 0.534 0.75
0.37 7.5 0.59 0.591 0.17
0.37 13.3 0.69 0.689 -0.15

Fig. 6 shows the results of the dimensionless variable depending on c./c, in function of Reynolds number
(Re). These variables are parameterized by f;, where the experimental results of [32] are compared with
those obtained numerically in this work. The correlation between the results validated the developed

model which accurately reproduces the separation behavior in the purely diffusive regime.

DMSO separation by molecular diffusion

9
o
% 8 fq=0.1 (Mata et al. [32])
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Fig. 6 Extraction fraction of DMSO c./c, in function of Reynolds with the cell geometry of Fig. 5.

4. Flow Facility and Experimental Methods

Flow Device

The device for the experimental study of the thermodiffusion effect in the separation of DMSO, was built
in aluminum. The upper and lower cavity are of identical geometry, where the same geometry to that
employed in the numerical model was obtained. For the generating of the temperature gradient, outside
upper and lower cavity was machined were hot and cold water can flow. To avoid inside velocity
grandients of the mixture, the cross section area must be the same through the device, thus 2.85mm
diameter bottom inlet/outlet and upper inlet/ outlet holes were drilled. The gap from where the mixture
will flow, was generated by a 500pm polyetheretherketone (PEEK) sheet, which has a high chemical
stability and low conductivity and thermal expansion [58] [59]. The entire internal cavity has polished
with a paste of 1 micron diamond dust (STRUERS, DP -Paste M) to achieve the lowest surface rugosity

as possible.

Two bottom and top holes were made where a resistance temperature detector (RTD) PT100 probe can be

introduced as closes as possible form the gap (at 1 mm from the gap), in order to measure the temperature
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gradient between the upper and bottom walls at the entrance and exit of the central cavity. In order to

generate the thermal gradient two thermostatically tempered baths (Proline RP- 855) was used.

To achieve the tightest of all the elements, viton O ring has been used. Fig. 7 shows the complete

assembly of the constructed microdevice (Fig. 7a) and the inner details of the same (Fig. 7 b and c).

a) b)

Temperated water Temperatedwater

inlet Temperature outlet
Sample Top measurement point Top Sample
Inlet l l Cutlet
\. Warking space \ /

'L ri-L_ﬂ —1 1 Imn] i | 1 ﬁpJ-E]'i'l

= :Q' Al [e7 x|

s S = e

N

4 s | B ETE

_)' T\Temperature/ T '\Iﬂ

Sample Bottom _
Inlet measurement point

Bottomn
Sample Outlet

Temperated water Temperated water
inlet outlet

<)

Fig. 7 Design of the experimental device a) assembled device b) device exploded c) central cut of the

device

1.2. Flow rate control and measurement

Flow was controlled by a MFCS-8C-1000mbar (Microfluidic Control System) and Flowell-1000pL/min
device with the Maesflow software from the Fluigent company. The first, deals with the control of
pressure with a resolution of 1mbar and a maximum pressure of 1034 mbar. The pressure control is
performed in both, inputs and outputs. The Flowell-1000puL/min is responsible for controlling the flow. It
has three flowmeters, so the control of all inputs and outputs is guaranteed. The maximum flow measured

is 1000 pL/ min with a resolution of 0.1 pL/ min, with a + 5% error. Outlet samples mass fraction was

12



analyzed using the Anton Paar DMA 5000 densimeter. Fig. 8 shows a diagram of the experimental

measurement system.

MFCS 8C-1000mbar
Maesflow
Q A —
1

samples

u-Device

S u N

Flowell-1000pL/min

Outlet
samples

Thermostates

Fig. 8 Scheme of the experimental measurement

5. Flow device characterization

For the experimental validation of the device, the results of a standard mixture were studied in the purely
diffusive regime. The reference mixture was H,O/Isopropanol to a mass fraction of 50%, which
thermophysical and transport properties are known and are well studied in the literature. Table 3

summarizes the properties in order to carry out the experimental verification [60].

Table 3 Thermophysical and transport properties of H.O/Isopropanol mixture at a mass fraction of 50%

and at 25 °C

H,0 p K B “ D
(kg/m?) (mPa-s) (10°) (KY) (10™°) (m?/s)
50% 902,37 3,055 0,2606 0,9004 1,68

The molecular diffusion evolution of the mixture was analyzed in function of the flow rate. For this
purpose and taking into account that the denser component in the mixture of water/isopropanol is the
water, through the lower entrance was introducted a mixture of 53% of water, and through the top
entrance, 47% of water. This avoids internal instabilities due to the convection. The flow range of each
entry was 50 pl/min to 1000 pl/ min, where the flow of both inputs was the same. Tests were conducted at
25 °C temperature. To define the characteristics of the samples at the output, the method of analysis based

on the measurement of density was employed.

A total of 10 cases of different flow rates have been analyzed, Fig. 9 depicts the results obtained.
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Fig. 9 Comparison between experimental and numerical results of the H2O/isopropanol mixture by

molecular diffusion in function of the flow rate at 25 °C

The dashed line represents the numerical results of the concentration of H,O in the upper outlet, and the
solid line, the results of the lower output. The filled square symbols represent the experimental data of the
concentration of the upper outlet and the circles the lower output data for each inflow rate. As shown in
Fig. 9, as the inflow rate is decreased, the top and bottom outlet H,O concentration get closer because the
mixture has more time to mix due to the molecular diffusion. Finally, at inflow rate close to 50 pl/min, top
and bottom outlet H,O mass fraction concentration is of 0.5, which denotes that the mixture is completely
mixed. As shown in Fig. 9, the good agreement between the experimental and numerical results validated

experimental device operation.

5. Results and discussion

Once validated numerically and experimentally the microdevice, the analysis of the degree of separation

of DMSO/ PBS mixture with and without temperature gradient is done.

In order to analyze the thermodynamic behavior of the mixture in the microdevice, it was essential to
determine the thermophysical and transport properties of the DMSO/PBS mixture of a mass fraction of
10% DMSO (Table 1). The Table 1 shows, the sign of the thermodiffusion coefficient in the analyzed
mixture is positive, which means a positive Soret behavior. Thus, the denser component of the mixture,

DMSO, was be attracted to the cooler wall.

First, the behavior of the mixture was analyzed only in the diffusive regime at 25 °C (without temperature
gradient). To carry out this experiment various conditions at different inflow rates in the entrances were
investigated; f; =0,4, f;=0,5 and f,=0,6. Thus, a 40 % of the total inflow was introduced in the bottom inlet
for the case f; =0,4, 50% for the case f;, =0,5 and 60% for the case f, =0,6, where from the botton inlet the
mixture of DMSO/PBS at a mass fraction of 10% of DMSO is introduced and from the top inlet PBS.

Fig. 10 compares the experimental and the numerical results, where the mass fraction of DMSO is
represented in the top and bottom outlet, in terms of the full flow rate. Horizontal error bars correspond to

the measurement error of the flowmeter, which in the worst case was 5%, while the vertical error

14



corresponds to the difference between the results obtained in several trials, which in worst cases was less

than 6%.
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Fig. 10 Comparison of the molecular diffusion separation of DMSO represented as mass fraction of

DMSO to the outputs depending on the total flow. Cases a) f; =0,4, b) f, =0,5y ¢) f, =0,6

As shown in Fig. 10, the behavior of the mixing process of DMSO is similar to the one explained for the
case of H,O-Isopropanol (Fig. 9). So, as the inflow rate decreases, the top and bottom outlet DMSO
concentration get closer to the full mixed concentration, what happens close to 1000 pL/min. For the case
of f, =0,4, (Fig. 10 a) this corresponds to a mass fraction of DMSO of 0.04, for f, =0,5, (Fig. 10 b) to 0.05
and for f, =0,6, (Fig. 10 c) to 0.06. This is the maximum DMSO that can be separated by molecular
diffusion (without a temperature gradient) for each case. So, if for all cases the inlet DMSO concentration

of the mixture of interest (bottom inlet mixture), is of 10%, the outlet DMSO concentration of the mixture
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of interest (bottom outlet) is of 4% for the case f; =0,4, 5% for the case f; =0,5 and 6% for the case of f;
=0,6.

The full mixing point of these three cases is much faster (around Qror= 1000 pL/min, Fig. 10) than for the
case of H,O-Isopropanol (around Qror= 75 pL/min, Fig. 9). This is natural as the diffusion coefficient of
the mixture of H,O-Isopropanol is one order of magnitude smaller than the one of the mixture

DMSO/PBS (see Table 1 and Table 3).

Analyzing the results shown in Fig. 10, can be concluded that the numerical and experimental results are
in good agreement. It was observed that the maximum extraction ability of DMSO in each case is
determined by the input flows ratios. The lowest concentration of DMSO in the output was directly

proportional to f;. These results confirm those obtained by Mata et al. [32].

In order to determine the influence of the temperature gradient on the extraction of DMSO, the case of the
f; =0,5 it was analyzed numerically and experimentally using a temperature gradient of 5 K. As for the
cases analyzed in Fig. 10, from the bottom inlet the mixture of DMSO/PBS at a mass fraction of 10% of
DMSO is introduced and from the top inlet PBS, at a Qror up to 4000 pL/min.

Fig. 11 shows the numerical results comparison of the DMSO extraction with and without temperature
gradient, where the dashed line represents the case of extraction by molecular diffusion (without
temperature gradient), and the solid line represents the results with a temperature gradient. As explained
before, the thermodiffusion coefficient for the mixture of 10% DMSO in PBS is positive as shown in
Table 1. This means that the denser component (DMSO) will be attracted by the cooler wall. As the
mixture of DMSO/PBS is introduced from the bottom inlet, to increase the extraction of DMSO, the
upper wall is cooled and the lower wall is warmed, creating a temperature difference of 5 K, between a

mean temperature of 25°C.

For the case without temperature gradient and at an inflow of Qror = 4000 pL/min, the top outlet DMSO
mass fraction concentration is of 0.038 and the bottom outlet DMSO mass fraction concentration is of
0.062. As explained before, as the inlet Qror decreases, the mass fraction of DMSO between top and
bottom outlets gets closer (because the DMSO mixes by molecular diffusion), till a constant value of
0.05. This constant value of 0.05 is reached at an around intlet flow of Qtor = 1000 pL/min, and stays

constant for lower values. This denoted that the mixture is fully mixed.

For the case with temperature grandient, and for the same inlet conditions, at an inflow of Qor = 4000
pL/min, the topoutlet DMSO mass fraction concentration is of 0.042 and the bottom outlet DMSO mass
fraction concentration is of 0.058. Comparing with the case without temperature gradient, for this case a
higher extraction of DMSO is obtained (around 6.45% more) due to the Soret effect. In this case too, if
the Qror is decreased a value of 0.05 of DMSO mass fraction is obtained in both outlets. However, for the
case with temperature gradient this value is obtained at a Qror of 2000 pL/min (for the case without
temperature gradient this happens at a Qror = 1000 pL/min). So, using the Soret effect, a faster fully
mixed mixture can be achieved if is compared to the case without temperature gradient (37.5 % faster).

Moreover, for the case with temperature gradient, if the inflow rate used is smaller than 2000 pL/min, due

16



to the Soret effect, an increase of the DMSO separation ratio happens. For an inflow rate of 1000 pL/min,
the top outlet DMSO mass fraction concentration is of 0.055 and the bottom is of 0.045. This means that
using a temperature gradient a 10% higher separation of DMSO con be achieved compared without

temperature gradient, due to the Soret Effect.

Numerical Simulation
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c 0,065
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Fig. 11 Comparison of the mass fraction extracted at the upper and lower outputs, under the

thermodiffusion effect, for the case f, =0,5 at an average temperature of 25 ° C

From the numerical results obtained, the separation efficiency can be analyzed defining this as the

percentage needed to achieve the homogeneous mixture [61]:

Extraction.... . =100 ———<~
Efficiency CO (6)

In Fig. 12, the efficiency is represented as a function of the flow rate for the purely diffusive (without
temperature gradient) and thermodiffusive (with temperature gradient) cases. As can be seen, while the
case of the diffusive reaches its maximum efficiency at around 1000 pL / min, in the thermodiffusive
case, this is reached at around 2250 pL/min. Therefore apart from obtaining a greater separation, a faster
separation process can be achieved. To lower flow rates, the results indicate that the thermal effect

enhances extraction of DMSO, obtaining extraction efficiency above 50%, and improving the process by
10%.

Numerical extraction efficiency

s D. Vs. DT

Qo
X 110

>

e — Molecular diffusion
@ 100 extraction efficiency
L2 g5 cop i
& Thermodiffusion

@ 90 extraction efficiency
c
o & = = =Homogeneus mixture
G 80

o

75
%
w 70
0 1000 2000 3000 4000 5000

Qqor (KL/min)

17



Fig. 12 The numerical results of the efficiency of DMSO extraction applying (molecular diffusion (gray

dashed line), temperature gradient (continuous line) for f, =0,5 at a mean temperature of 25 °C

The experimental results have been compared with those obtained numerically in the thermodiffusive
regime and the behavior was test to be the same in both cases. Solid lines present the numerical results
while solid circles and squares show the experimental outcomes. As observed in Fig. 13, he
homogenization of the mixture occurred at higher flow rates in contrast to what was observed
numerically. This variance may be made due to the estimate in the experimental determination of the
thermodiffusion coefficient of the binary mixture, considering the PBS as a pure fluid in the

thermogravitational column.

Soret Effect
Num. Vs. Exp

0,06 ,+

i
= Num. Top Outlet

e
0,055 R + 2 7
e j Num. Bottom Outlet
0,05 h
= §1 _'*1-’ W Soret Exp. Top Outlet
0,045 - S
A @ Soret Exp. Bottom Outlet

DMSO mass fraction

0 1000 2000 3000 4000 5000

Qo7 (HL/min)

Fig. 13 Comparison of numerical and experimental studies of DMSO extraction in function of the total
volume under the thermodiffusive effect. Dashes lines represent the numerical results while solid circles

and squares show the experimental results

6. Conclusions

The results obtained in this study show that the effect of thermodiffusion, is not despicable phenomenon
at submillimeter scale, as the order of action can become very influential in processes of mixing or
separation of biological samples. It is demonstrated that a relatively small temperature gradient (5K), has
potential to generate effective transport in biological mixtures, increasing 10% compared to the purely
diffusive regime separation. The results confirm that the effect of thermodiffusion must be considered in
biological fluids handling processes where the mix or separation plays an important role, since the
existence of a temperature gradient could affect the efficiency. Thus, consideration of this effect could be
key in applications at microscale where an active actuator becomes irretrievably in a heat source. So,
knowing the sign and magnitude of the thermodiffusion coefficient of the sample of interest, together with
the location of the heat source, it is essential to use the temperature gradient in beneficial way for the

process.
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