
International Journal of Heat and Mass Transfer 189 (2022) 122690 

Contents lists available at ScienceDirect 

International Journal of Heat and Mass Transfer 

journal homepage: www.elsevier.com/locate/hmt 

Analysis of thermophoresis for separation of polystyrene 

microparticles in microfluidic devices 

Antton Sanjuan, Ane Errarte, M. Mounir Bou-Ali ∗

Mechanical and Manufacturing Department, Mondragon University, Loramendi 4, Apdo. 23, 20500 Mondragon, Spain 

a r t i c l e i n f o 

Article history: 

Received 9 December 2021 

Revised 24 January 2022 

Accepted 7 February 2022 

Available online 25 February 2022 

Keywords: 

Microparticles 

Thermodiffusion 

Thermophoresis 

Microdevice and separation 

a b s t r a c t 

We analysed the thermodiffusion phenomenon both numerically and experimentally for size-based sep- 

aration of polystyrene microparticles. For model validation, we followed previously published numeri- 

cal studies using ANSYS Fluent 2020 R2 software. For our experimental analysis, we defined a new mi- 

crochannel geometry that would separate at least two groups of particles (5 and 20 μm). We analysed the 

trajectory of the microparticles in the central channel of the microdevice under the following conditions: 

without a temperature gradient, with application of a thermal gradient parallel to the gravitational field 

(cooling from the bottom or top part), and generation of a temperature gradient perpendicular to the 

direction of the gravity force. Numerical and experimental results for these geometry and boundary con- 

ditions demonstrated that, under terrestrial conditions, 5 μm and larger microsized polystyrene particles 

cannot be separated by thermophoresis in flow because of the gravity force. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

In recent years, the study of and interest in the phenomenon of 

hermodiffusion, discovered by C. Ludwig [1] and Ch. Soret [2] in 

he 19th century, has grown considerably [3] . Its applicability has 

pread to diverse unrelated areas, such as the characterisation of 

eological fields [4–6] or the sorting of biological species [7–9] . 

During the last few years, thermodiffusion has become a major 

nterest in the health sector due to its involvement in transport 

n biological systems [10–12] . For example, the accumulation of 

iomolecules in thermophoretic traps has been achieved by com- 

ining thermodiffusion and convection [13] . Changes in the ther- 

ophoretic responses of a protein when a ligand is bound have 

lso been analysed [14] . Moreover, thermodiffusion influences the 

rocess called Sperm Thermotaxis, which affects the transfer of 

perm towards the direction of the egg [15] . The manipulation of 

NA has also been carried out by light-induced local heating [16] . 

Thermodiffusion has now become a meaningful parameter in 

he microfluidic sector for optimisation of different separation pro- 

esses [ 8 , 9 , 17 ], such as size-based nanoparticle species separation

18–20] . In the context of miniaturisation in the field of biotechnol- 

gy, microscale sorting of biological cells is of great importance for 

he early diagnosis of diseases [21] . Nevertheless, in some of the 
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nalysed work, due to the time expenditure and complexity of the 

xperimental trials, numerical results have frequently been shown 

ithout experimental validations [ 19 , 20 ]. 

Thermodiffusion, or the Ludwig-Soret effect, describes the mass 

ransport of a mixture’s components in the presence of a tempera- 

ure gradient. The Soret ( S T ) coefficient is the magnitude that rep- 

esents this migration, and it depends on the thermodiffusion ( D T ) 

nd diffusion ( D ) coefficients of the components of the system. In 

inary mixtures, it is expressed by Eq. (1) [22] . 

 T = 

D T 

D 

(1) 

In mixtures, depending on the direction of displacement of the 

ensest component, the Soret coefficient can be positive or neg- 

tive. When the densest species moves towards the cold side, the 

oret coefficient is positive, designating the mixture as thermopho- 

ic. Otherwise, in a less common scenario, when the densest com- 

onent migrates to the hot side, the coefficient is negative, naming 

he mixture as thermophilic. 

Suspended particles will move towards the cold or hot zone, 

epending on the sign of the thermodiffusion coefficient, and they 

ravel at a uniform velocity expressed by Eq. (2) [23] : 

 T,i = −D T,i ∇T (2) 

here ∇T is the spatial temperature gradient over the mixture and 

 T,i is the thermophoretic velocity of the component i . This dis- 
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Table 1 

Defined boundary conditions by Eslamian et al. [24] . 

Boundary Type Values 

Inlet Velocity Inlet V = 1 . 10 −3 m/s V P = 1 . 10 −3 m/s 

Upper and bottom outlet Pressure Outlet Particle Scape P gauge = 0 Pa 

Hot wall (bottom part) No-slip Particle Reflection T = 310 K e n = 1 . 0 (default) 

Cold wall (upper part) No-slip Particle Reflection T = 300 K e n = 1 . 0 (default) 

Other walls No-slip and Adiabatic Particle Reflection − k ∇T = 0 e n = 1 . 0 (default) 
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lacement of particles caused by thermal gradients is referred to 

s thermophoresis [18] . 

Considering that most of the published literature shows analy- 

es of the effect of thermodiffusion on particle separation, the mo- 

ivation for the present work was to study the possibility of classi- 

ying microparticles of different sizes based on thermal gradients. 

In this work, we analysed the effect of thermodiffusion on the 

eparation of polystyrene (PS) microparticles of different sizes (5 

nd 20 μm) in a microdevice. We first defined, validated, and anal- 

sed a numerical model based on the scientific work found in the 

iterature. We then verified, both numerically and experimentally, 

he size-based separation of PS microparticles under a temperature 

radient. 

. Numerical analysis and model validation 

We analysed two different scientific papers that had studied the 

ffect of thermodiffusion as a new method for the separation of 

icroparticle species [ 24 , 25 ]. We used ANSYS Fluent 2020 R2 soft-

are for our analysis. 

The governing equations of the process, together with the work- 

ng conditions and the forces acting on the suspended particles, are 

escribed below. 

.1. Governing equations 

We resolved both simulations using the Euler-Lagrange method, 

here we defined the fluid as the continuous phase and the dis- 

olved particles in it as the secondary stage. We specified a laminar 

ow for the carrier fluid, and we tracked the suspended particles 

sing the Discrete Phase Model (DPM) [ 26 , 27 ]. 

The mathematical expressions of mass, momentum and energy 

onservation laws for an incompressible steady-state fluid are the 

ollowing [ 19 , 28 ]: 

 · �
 V = 0 (3) 

→ 

V 

·∇ 

) → 

V 

= − 1 

ρ
∇p + ∇ ·

(
v ∇ 

→ 

V 

)
(4) 

 ·
(
�
 V c p T 

)
= ∇ ·

(
k 

ρ
∇T 

)
(5) 

here �
 V is the fluid velocity, ρ is the mixture density, v is the 

inematic viscosity and k and c p correspond to the thermal con- 

uctivity and specific heat, respectively. T and p represent the tem- 

erature and pressure, respectively. 

We also considered the temperature-dependant density changes 

n the fluid using the ANSYS Fluent Boussinesq model Eq. (6) [26] : 

= ρ0 ( 1 − α( T − T 0 ) ) (6) 

here ρ0 is the initial density, α the thermal expansion coefficient 

nd T 0 the initial temperature. 

We accounted for the forces acting on the PS microparticles 

y considering gravity and drag, together with the thermophoretic 

orce. In these conditions, the thermophoretic force represents 
2 
he thermodiffusion phenomenon, and in fluent is defined by 

q. (7) [24] : 

 T −F, i = 6 π T μ R i D T,i (7) 

here μ is the dynamic viscosity of the fluid, R i the radius of the 

articles of species i and D T,i is the experimental thermodiffusion 

oefficient of each particle group i , defined as Eq. (8) for binary 

ixtures: 
 

J i = −ρD ∇ c i − ρD T,i c i ( 1 − c i ) ∇T (8) 

here 
−→ 

J i is the mass flux of the species i over the mixture, c i is 

he concentration of the component i and ∇ c i the spatial gradient 

f mass fraction of the species i . 

From Eq. (7) , the numerical model calculates the value of the 

hermophoretic force acting on the particles by Eq. (9) [27] , where 

 p,i is the mass of the particles of species i : 

→ 

f T,i = −D T −F,i 

1 

m p,i T 
∇T (9) 

Based on all these forces, Fluent determines the trajectory 

f the particles using the mathematical statement of motion 

q. (10) [27] and calculates the position of each particle along the 

hannel. The program first solves the continuous phase and then 

esolves the particle injection. For that purpose, apart from the 

roperties mentioned above, the drag force per unit particle mass 

f drag ( � V − �
 V p ) , gravity (g) and particle density ( ρp ), together with 

heir velocity ( � V p ), are all considered. 

f drag 

(
�
 V − �

 V p 

)
+ 

g ( ρp − ρ) 

ρp 
+ 

−→ 

f T,i = d 
�
 V p 

dt 
(10) 

.2. Case study 1: thermophoretic 1 μm particle separation in a 

ectangular T-shaped microchannel 

Eslamian et al. [24] analysed the effect of thermodiffusion on 

he separation of polystyrene (PS) and gold microparticles in water 

nd air. In the present work, we conducted an equivalent study 

sing water as the carrier fluid and applying the same geometric, 

ixing and working conditions. We compared the obtained results 

o those published [24] . 

.2.1. Flow domain 

We designed a two-dimensional T-shaped rectangular mi- 

rochannel (0.5 mm width and 8 mm length) with one inlet and 

wo outlets using the SolidWorks software. We then imported the 

enerated geometry to ANSYS Meshing 2020 R2. This program al- 

owed us to generate a fine mesh of 21,846 quadrilateral cells and 

2,612 nodes to allow accurate analysis of the simulation results. 

.2.2. Numerical model and validation 

We analysed the trajectory of a single microparticle entering 

rom the middle of the inlet along the channel using the DPM 

odel, as in [24] . We defined the injection velocity as equal to 

he fluid velocity. We also applied a temperature gradient in the 

irection of the gravitational field, defining a lower temperature in 

he upper part of the microchannel and using the same conditions 

escribed in [24] . Table 1 shows the defined boundary conditions. 
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Fig. 1. Microparticle trajectory: Numerical results published by Eslamian et al. [24] A) and this work B). 

Fig. 2. Submicrometer particle separation. Numerical results published by Wang et al. [25] A) and this work B). 

Table 2 

Boundary conditions defined by Wang et al. [25] . 

Boundary Type Values 

Inlet A Velocity Inlet V = 2 . 10 −2 m/s 

Inlet B Velocity Inlet V = 2 . 10 −3 m/s V P = 2 . 10 −3 m/s 

Outlet Pressure Outlet Particle Scape P gauge = 0 Pa 

Hot wall (bottom part) No-slip Particle Reflection T = 310 K e n = 1 . 0 (default) 

Cold wall (upper part) No-slip Particle Reflection T = 300 K e n = 1 . 0 (default) 

Other walls No-slip and Adiabatic Particle Reflection − k ∇T = 0 e n = 1 . 0 (default) 
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We also specified the properties of the materials used in the 

imulations (water and PS particles). Note that we used the same 

ensity value of water for both the fluid and the PS microparticles, 

s was done in the work presented by Eslamian et al. [24] . We

efined the magnitude of the thermodiffusion coefficient to be on 

he order of 1 . 10 −12 m 

2 /s.K ( D T,i , Eq. (7) ). In this way, we fulfilled

he same working conditions as in [24] . 

The numerical results ( Fig. 1 ) showed that the particle stream 

oves to the cold part of the channel exiting from the upper 

utlet. These results were consistent with those published by Es- 

amian et al. [24] . 

.3. Case study 2: thermophoretic sorting of submicroparticles in an 

xpansion-constriction microchannel 

We investigated the thermophoretic force required to sepa- 

ate two groups of submicrometer-sized particles in an expansion- 

ontraction microchannel. To do this, we performed a numerical 

imulation to analyse the migration of 0.5 and 1 μm particles sus- 

ended in water. We compared the obtained results to those pub- 

ished by Wang et al. [25] . 

.3.1. Flow domain 

We designed a two-dimensional sorter with an expansion- 

ontraction channel composed of three main parts: two inlets; 

 separation channel (1.2 mm length and a maximum gap of 

.15 mm) that contains three orifices; and an enlarged output. As 

n the previous analysis, we used ANSYS Meshing 2020 R2 to de- 

ne a fine mesh of the geometry for the subsequent numerical 

nalysis. As in the previous case, we generated 21,846 quadrilat- 
3 
ral cells and 22,612 nodes, as the channel has smaller dimensions 

he accuracy will be fine. 

.3.2. Numerical model and validation 

We injected two groups of particles (0.5 and 1 μm) into inlet B 

 Fig. 2 ) using the DPM model. In this work, we defined two distinct

njection velocities (inlet A > inlet B). We also applied a temper- 

ture gradient parallel to the gravitational field, defining a lower 

emperature in the upper part of the microchannel, always with 

espect to the working conditions outlined in [25] . Table 2 shows 

he boundary conditions used. 

We also specified the properties of the materials. We differen- 

iated the density of the carrier fluid (998.2 kg/m 

3 ) and particles 

1040 kg/m 

3 ) as described in [25] . We used the thermophoretic 

orce (2 . 10 −13 N) mentioned in [ 25 , 29 ] for both particle groups,

nd we estimated the order of magnitude of the thermodiffusion 

oefficient as 1 . 10 −10 m 

2 /s . K ( D T,i , Eq. (7) ). After performing the

umerical simulation, we observed a separation ( Fig. 2 ) between 

he submicrometer particles (0.5 μm in blue and 1 μm in red). 

hese results, again, are similar to those published by Wang et al. 

25] . 

.4. Results and discussion 

The outcomes reported in Sections 2.2 and 2.3 confirm that we 

alidated the results obtained in [24] and [25] . On the one hand, 

he work in [24] does not account for the difference in density be- 

ween water and PS microparticles; for that reason, we repeated 

he numerical study. In this new analysis, we considered that the 

ensity of the microparticles is 1060 kg/m 

3 [30] and that of water 

s 995.09 kg/m 

3 (this work) at a temperature of 305 K. As shown 
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Fig. 3. The numerical model results: ρwater = 995.09 kg/m 

3 and ρparticles = 1060 kg/m 

3 A) and D T,i = 1 . 10 −12 m 

2 /s . K B). 

Fig. 4. Microchannel geometry to analyse the behaviour of microparticles in the 

presence of a positive thermal gradient. 
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n Fig. 3 (A), the result is totally opposite to the one obtained in

ig. 1 (B) and [24] . Specifically, the condition of the densities of the

articles and that of the carrier fluid defined in [24] significantly 

ffects the direction of particle motion. When the correct density 

alues of PS and water are taken into account, the 1 μm particles 

lways exit from the bottom outlet of the microchannel, regardless 

f the applied temperature gradient and position. Therefore, the 

ravity force is dominant. 

On the other hand, in [25] , a thermophoretic force of 2 . 10 −13 N

as been considered. This is equivalent to a thermodiffusion coef- 

cient of the order of 1 . 10 −10 m 

2 /s.K, an extremely higher magni- 

ude than the ones shown in the literature (1 . 10 −12 m 

2 /s.K) [31] .

herefore, we reanalysed the results achieved in [25] , defining the 

hermodiffusion coefficient in this case in accordance with the 

ibliography. The obtained numerical results, shown in Fig. 3 (B), 

emonstrate that the magnitude of the thermodiffusion coefficient 

irectly affects the sorting of the particles, since no separation is 

chieved. 
Fig. 5. Scheme of numerical case

4 
. Size-based separation of polystyrene microparticles 

Once we validated and analysed the two different studies to de- 

ide on an optimal numerical model, we designed a new microdis- 

ositive geometry for numerical and experimental analysis of the 

eparation of two groups of PS microparticles in flow under a tem- 

erature gradient and in different configurations. 

.1. Numerical analysis 

We designed a three-dimensional rectangular channel (1 mm 

idth and 1 mm height) ( Fig. 4 ) with two inlets and two outlets.

fterwards, for numerical simulations, as in the previous studies, 

e used the DPM model to calculate the trajectory of the particles 

long the central cavity. 

We injected two different sizes of microparticles (5 and 20 μm) 

rom the surface of inlet A at room temperature. The injection ve- 

ocity of the particles was the same as that of the carrier fluid. 

e also used equal flow rates in both inlets. Regarding the phys- 

cal properties, we considered the thermophoretic force using a 

hermodiffusion coefficient with an order of magnitude of 1 . 10 −12 

 

2 /s . K ( D T,i , Eq. (7) ) [31] . In addition, we defined the density value

f the particles, together with the specific heat and thermal con- 

uctivity [30] . 

Apart from the aspects mentioned before, we specified various 

ransport properties of the carrier fluid (water) necessary to per- 

orm the numerical analysis. In this work, we determined the prin- 

ipal characteristics, such as density, thermal expansion coefficient, 

ynamic viscosity, thermal conductivity and specific heat. 

We carried out the measurement of the density and the ther- 

al expansion coefficient using the Anton Paar DMA 50 0 0 M 

ibrator-type densitometer with a U-form quartz tube sensor. We 
s resolved in this section. 
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Fig. 6. A 20 μm particle path: along the microchannel A) and using different gradient positions together with zero gravity B). 

Fig. 7. 5 and 20 μm trajectory: flow rate = 1.5 . 10 −10 m 

3 /s A), flow rate = 6.8 . 10 −10 

m 

3 /s B) and flow rate = 6.8 . 10 −9 m 

3 /s C). 
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5 
etermined the dynamic viscosity using an Anton Paar AMVn mi- 

roviscometer and the falling ball principle. We also measured the 

hermal conductivity and specific heat of water using Thermtest 

HW-L1 equipment. In the case of the PS microparticles, we ob- 

ained all their properties from the literature. Table 3 summarises 

he defined characteristics. 

We also defined the boundary conditions. As shown in Fig. 4 , 

he flow domain consists of two inlets-outlets. In contrast to the 

reviously analysed cases, we used mass-flow type inlets. We spec- 

fied the other boundary condition types as in the previously stud- 

ed models ( Table 1 and Table 2 ). 

In this section, we analysed different numerical cases ( Fig. 5 ), 

aking into account the effect of the gravity force together with the 

emperature gradient position. To do this, we applied the gravita- 

ional field in a parallel or perpendicular direction to the temper- 

ture gradient. Additionally, we studied two more cases in which 

o gravity or temperature gradient was applied. 

.2. Numerical results 

As mentioned before, we studied different cases to analyse both 

he thermodiffusion and the gravity effect in the separation of PS 

icroparticles. 

We first injected a single population of 20 μm from inlet A. We 

ositioned the gravity force and the temperature gradient in the 

ame direction, applying a lower temperature in the bottom part 

f the central cavity ( Fig. 5 (Positive �T)). We specified a tempera- 

ure difference of 10 K, together with a total flow rate of 6.8 . 10 −10 

 

3 /s. The obtained results, depicted in Fig. 6 (A), show that the mi- 

roparticles move towards the cold region of the channel and exit 

rom the bottom part. 

However, Fig. 6 (B) shows that we obtained the same outcomes 

y not applying any temperature gradient ( Fig. 6 (Without �T)) or 
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Table 3 

Water and PS microparticle properties at 298.16 K. 

Material Water PS Microparticles 

Density (kg/m 

3 ) 997.064 (this work) 1060 [30] 

Specific heat (J/kg . K) 4021 (this work) 1220 [30] 

Thermal conductivity (W/m 

. K) 0.60985 (this work) 0.11 [30] 

Thermal expansion ( K − 1 ) 2.5675 . 10 −4 (this work) –

Viscosity (kg/m 

. s) 8.7993 . 10 −4 (this work) –

Thermodiffusion coefficient (m 

2 /s . K) – 1. . 10 −12 [31] 

Fig. 8. Convection of 20 μm particles: along the microchannel A), showing the spiral motion in a cross-section view B) and comparing the direction of the gravitational field 

with respect to the temperature gradient C). 
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y positioning the cold region in the top part of the channel ( Fig. 6

Negative �T)). 

We also analysed the condition of zero gravity ( Fig. 5 (Non- 

errestrial)). In this case, with a total flow rate of 6.8 . 10 −10 m 

3 /s,

he 20 μm particles always exited from the top part of the mi- 

rochannel, regardless of the applied thermal gradient (Positive 

T, Negative �T or Without �T) due to the high flow rate used. 

or these working conditions, the results ( Fig. 6 (B)) show that the 

igration of the microparticles responds to the applied tempera- 

ure gradient, as long as the initial flow rate is not higher than 
6 
.36 . 10 −12 m 

3 /s. In the case of zero gravity, and using a defined

emperature difference of ( �T = 10 K), the magnitude of the PS 

icroparticle migration depended on the applied flow rate; thus, 

he displacement to the cold wall was higher along the central 

hannel when we defined smaller flow rates. 

We also entered two groups of microparticles (5 and 20 μm) to 

valuate the possibility of obtaining a separation of them at a total 

ow rate of 6.8 . 10 −10 m 

3 /s. 

We analysed the separation process under three temperature 

radient configurations (Positive �T, Negative �T and Without 
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Fig. 9. On the left, the fabricated microdispositive. On the right, the experimental setup used. 
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Fig. 10. Experimental validation: separation of PS microparticles (5 μm and 20 μm). 
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d

T). Fig. 7 (B) shows the trajectory of the two groups of particles 

nd that a separation was achieved due to the gravity effect, to- 

ether with the applied flow rate conditions. The results always 

howed a migration of the 20 μm particles in the direction of the 

ravitational field, regardless of the temperature gradient used. 

The separation between the microparticles was achieved based 

n the injection flow rate conditions, since the 20 μm species sed- 

mented earlier due to the gravity force, whereas the 5 μm par- 

icles do not have time to sediment (total flow rate = 6.8 . 10 −10 

 

3 /s) under these conditions. We demonstrated that using higher 

ow rates (of the order of 6.8 . 10 −9 m 

3 /s) caused almost all the

icroparticles to exit from the top outlet ( Fig. 7 (C)). Smaller flow 

ates (of the order of 1.5 . 10 −10 m 

3 /s) caused the 20 μm particles to

ediment completely and the 5 μm particles started to exit from 

he bottom outlet ( Fig. 7 (A)) regardless of the thermal gradient 

sed. 

We studied another case by injecting a single population of 

0 μm particles and positioning the temperature gradient in a 

irection perpendicular to the gravity field. The boundary con- 

itions (total flow rate = 6.8.10 −10 m 

3 /s and temperature differ- 

nce = 10 K) were otherwise the same as in the previous numeri- 

al cases. The results ( Fig. 8 ) showed a spiral motion of the parti-

les throughout the central cavity. 

This convection generated due to the thermogravitational effect 

aused the particles to move constantly in one section of the chan- 

el ( Fig. 8 (B)), dictated by the sum of the effect of the temperature

radient (horizontal displacement of particles) together with the 

ravitational field (vertical displacement) and the drag effect gen- 

rated by the applied inlet flow rate. The sum of these three effects 

ade it difficult to control the particle migration. 

. Experimental validation 

We validated the numerical results of the gravitational effect on 

he separation of the microparticles under the different configura- 

ions by analysing the same cases experimentally. 

We first fabricated a microdevice ( Fig. 9 ) with similar dimen- 

ions to the one analysed numerically. We used two aluminium 

lates for the central cavity, together with two Teflon triangles 

side dimensions = 1 mm and angle = 60 °), to generate the path

f the inlets and outlets of the microdevice and to isolate from 

he temperature gradient. We selected aluminium material for the 

alls where the temperature gradient is applied due to its good 

onductivity properties. We also used glass plates to seal the mi- 

rodevice, as this allowed visualisation of its interior. 

To generate the desired flow rates, we connected the inputs 

nd outputs of the microdispositive via microfluidic tubes to a 

ARVARD PHD 20 0 0 Infusion/Withdraw pump, as shown in Fig. 9 . 
7 
e generated the temperature gradient with a Peltier system con- 

ected to a power supply, measuring and monitoring the temper- 

ture in the aluminium plates by means of PT-100 thermocouples. 

e also used a Leica DM500 binocular microscope to visualise and 

ecord the trajectory of the injected particles. 

As in the studied numerical cases, we distinguished two main 

onditions by applying the temperature gradient in a parallel or 

erpendicular direction to the gravitational field. In this way, we 

nalysed the separation of the microparticles and evaluated the ef- 

ect of the gravity force for each of the conditions. 

In all the experiments, we defined the same initial condi- 

ions as in the numerical simulations ( �T = 10 K and total flow 

ate = 6.8 . 10 −10 m 

3 /s). After analysing all the possible configura- 

ions shown in Fig. 5 , the results obtained in every case showed 

hat the effect of the temperature gradient is absolutely null and 

he gravity force is dominant in all the analysed conditions. 

We analysed the separation of two groups of microparticles 

5 μm and 20 μm) in water with the mentioned flow rate and at 

ifferent �T configurations (Positive, Negative and Without). We 
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Fig. 11. Experimental validation: convection of PS microparticles. 
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btained identical results to those showed in Fig. 7 (B), regardless 

f the effect of the temperature gradient. Fig. 10 shows the exper- 

mental separation of two groups of microparticles when applying 

 temperature gradient of 10 K and a total flow rate of 6.8 . 10 −10 

 

3 /s. 

For the case in which the applied temperature gradient is per- 

endicular to the gravitational field, we observed experimentally 

he same phenomenon that we had analysed numerically ( Fig. 8 ). 

e injected a group of 20 μm and, as shown in Fig. 11 , we saw

 convective displacement of the microspheres along the central 

avity due to the combination of the thermogravitational effect to- 

ether with the applied flow rate. 

. Conclusions 

The main objective of this work was to analyse the potential 

se of the thermodiffusion phenomenon for the separation of PS 

icroparticles in microfluidic devices. 

We demonstrated numerically and experimentally that the phe- 

omenon of thermodiffusion is not valid as an application in sep- 

ration processes for particles of 5 μm and larger in flow under 

he analysed working conditions and with the fabricated microde- 

ice geometry. We concluded that the gravity effect overcomes 

he thermodiffusion phenomenon in all studied cases. In parallel, 

he numerical results indicated that ANSYS Fluent is an appropri- 

te software for simulating the separation of binary mixtures and 

olecular suspensions. We also showed the importance of not ne- 

lecting the small differences in density between fluid (water in 

hat case) and PS microparticles, as was done in [24] , and of not

verestimating the magnitude of the thermodiffusion coefficient, 

s in [25] . 

We observed the thermogravitational effect when a perpendic- 

lar temperature gradient was applied in the central channel of 

he microdevice. This phenomenon can be useful in microfluidics 

or optimising the mixing of different fluids. A higher temperature 

radient and a lower total flow rate generated a major convection 

f the flow along the channel. 

Our future studies will focus on numerical and experimental 

nalyses of the thermodiffusion phenomenon for PS nanoparti- 

les separation. Gravity is not expected to have as great an effect 

n nanosized versus microsized particles, as thermodiffusion be- 

omes the main force driving the separation of different groups of 

anoparticles. 
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