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• The thermal design of thermophoretic cells is analyzed by considering fluid dynamics, heat transfer, and mass transfer.
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A B S T R A C T
Thermophoresis describes mass transport in a non-isothermal temperature field and thus provides
a fundamental understanding of the behavior of colloidal particles. Various methods have been
proposed for measuring the Soret coefficient, a representative value of thermophoresis. In particular,
microscopic channels are an emerging method as they shorten the equilibrium time and allow
direct observation of the particles. However, little emphasis has been placed on the simultaneous
consideration of fluid dynamics, heat transfer, and mass transfer characteristics within the microfluidic
channel, despite the simultaneous presence of natural convection and thermodiffusion phenomena.
In this study, we present a novel approach to address this gap by introducing a figure of merit,
which incorporates essential parameters to accurately characterize a specific cell configuration. This
figure of merit allows for the identification of a reliable measurement range in a microfluidic channel
with a temperature gradient, while accounting for fluid dynamics, heat transfer, and mass transfer
characteristics. The proposed approach is validated through rigorous simulations and experiments,
enabling an evaluation of the impact of figure of merit-derived parameters on the measurement
channel. The findings from our study demonstrate that the figure of merit serves as a representative
measure for stable thermophoretic measurements in a microfluidic channel. Moreover, we propose a
threshold value that signifies the transition from a diffusion-dominant to a convection-dominant field.

1. Introduction
Thermophoresis, or thermodiffusion, attracts attention

in various fields including geology, biotechnology, engi-
neering, and fundamental science [1, 2]. This phenomenon
refers to mass transport in a non-isothermal temperature
field, which is different from thermal diffusion, indicating
the temperature propagation with time [3]. Often, the terms
thermodiffusion and thermophoresis are used interchange-
ably [4]. However, thermodiffusion refers to the formation
of a concentration gradient as a result of a thermal gradient
in solutions, while thermophoresis describes the migration
of colloidal particles in a fluid due to the presence of a
temperature gradient. The Soret coefficient, a measure of
thermodiffusion also known as thermophoresis for larger
colloidal particles, is influenced by different properties of
the fluid and the particle surfaces. For this reason, ther-
modiffusion is used in various areas. It is discussed in
petrology, in petroleum reservoirs, where it influences the
distribution of crude oil components [5]. Additionally the
accumulation of organic molecules in hydrothermal vents is
discussed, which is relevant to the origin of life [6, 7]. The
most important application is using the Soret coefficient’s
potential in studying the binding affinity between ligands
and proteins, which holds promise for advancements in drug
discovery [8, 9, 10, 11, 12, 13, 14]. Further, studies have
shown that thermophoresis can enhance the power factor in
thermoelectric materials, enabling the conversion of waste
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heat into electricity [15, 16, 17]. Despite these promising
applications, our understanding of thermophoretic behavior
in fluids remains limited, and further development of the
underlying theoretical concepts is necessary. The under-
standing of thermophoretic processes in binary mixtures
is currently at a rudimentary stage. However, when deal-
ing with real systems like protein solutions and colloidal
suspensions, the complexity increases further due to their
multicomponent nature, which can give rise to cross effects
[5]. To address these challenges and enable the study of
phenomena such as thermodiffusion of colloidal particles
in non-isothermal conditions, there is a growing demand
for simpler and more quantitative measurement techniques
compared to traditional approaches [5, 18, 19, 20, 21]. Mi-
crofluidic devices have emerged as prominent tools for inves-
tigating transport properties of colloidal particles, encom-
passing electrophoresis, dielectrophoresis, diffusiophoresis,
and especially thermophoresis [22, 23, 24].

Thermophoresis can be described by the following equa-
tion [25]:

𝑗 = −𝜌𝐷∇𝑐 − 𝜌𝑐(1 − 𝑐)𝐷T∇𝑇 (1)
In this equation, 𝑗 represents the net mass flux, 𝜌 is the

mass density of the particles, 𝐷 is the diffusion coefficient,
𝑐 is the solute concentration, 𝐷T is the thermodiffusion
coefficient, and 𝑇 is the temperature. The Soret coefficient,
𝑆T, can be defined as𝑆T = 𝐷T∕𝐷 in steady-state conditions,
which is evaluated from the ratio between the induced con-
centration gradient and the applied temperature gradient. To
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measure the Soret coefficient of particles, various measure-
ment techniques have been introduced such as thermal lens
(TL) [26, 27], Thermal Diffusion Forced Rayleigh Scattering
(TDFRS) [28, 29], beam deflection [30, 31, 32], and thermo-
gravitational columns (TCs) [33] relying on optical detec-
tion, utilizing the refractive contrast caused by temperature
and concentration gradients in the system. However, these
techniques are limited to binary or specific ternary mixtures,
making it challenging to analyze the thermophoretic behav-
ior in multi-component systems. Although TCs can be used
to study multi-component systems, they require large sample
volumes (around 30 mL) and considerable time to reach
equilibrium [33].

To overcome these limitations in measuring the Soret
coefficient, the use of micron-sized devices has been pro-
posed [34, 9, 35, 36]. These devices offer advantages such
as reduced sample volume requirements and shorter equilib-
rium times compared to conventional measurement systems.
They are particularly useful for thermophoresis in non-
isothermal areas and enable efficient particle separation due
to the sensitivity of thermophoresis to various parameters
[37, 38, 39]. In addition, they also facilitate specific signal
detection from colloidal particles, allowing thermophoretic
measurements in multi-component systems through direct
observation or the use of fluorescent dyes. Researchers have
actively advanced microfluidic devices with dedicated chan-
nels for temperature gradients [34, 35, 36, 40, 23, 41] to
assess the thermophoresis of particles. These cells possess
a straightforward configuration that enables direct particle
observation or fluorescence signal measurement within the
channel. However, it is essential to acknowledge that the
temperature gradient direction in these microfluidic cells
is perpendicular to the force of gravity, leading to natural
convection phenomena occurring within the microfluidic
channel.

To obtain reliable Soret coefficient, it is essential to
make the concentration and temperature fields only caused
by the thermophoresis and the heat conduction using Eq.1.
However, a larger temperature gradient can induce a greater
concentration gradient, but it also leads to stronger natural
convection within the channel, resulting in vigorous mixing
[42]. Moreover, manufacturing micron-sized structures can
be challenging, often resulting in size deviations within
the measurement channel. Consequently, larger microfluidic
channels are sometimes used to accommodate these devia-
tions. However, larger channels also amplify natural convec-
tion, hindering the study of thermophoretic behaviors within
the channel. Therefore, in order to address these conflicting
factors in the microchannel with the temperature gradient, it
is necessary to establish design criteria that consider various
parameters. This involves performing a "thermal design" to
extract critical values required for stable measurements [43].

In this study, we present a thermal design guideline for a
non-isothermal microfluidic channel to ensure accurate ther-
mophoretic measurements of colloidal particles. We employ
dimensional analysis of the governing equation to establish a
design parameter, denoted as 𝛼, which combines information

on channel geometry, properties such as diffusion coefficient
and Soret coefficient, and the applied temperature gradient.
To validate the model’s accuracy, we compare results from
multi-physics simulations with experimental data. Addition-
ally, we investigate the influence of these parameters on
the thermophoretic field within the measurement channel.
Ultimately, our findings demonstrate that the figure of merit
𝛼 can effectively determine stable operation and serve as a
figure of merit for judging the reliable measurement of the
thermophoresis.

2. Method and Materials
2.1. Geometry

Figure 1 illustrates the schematic of microfluidic devices
with the temperature gradient (thermophoretic microfluidic
cells) in a previous publication [23]. These cells consist of
three channels: a heating channel, a cooling channel, and
a measurement channel. The heating and cooling channels
generate a temperature gradient within the measurement
channel. The flow within the channels is counter-flow, en-
suring a constant temperature gradient along the measure-
ment channel [3]. The temperature gradient can lead to a
complicated distribution of temperature and concentration
due to the coupled heat and mass transfer by thermophoresis
and natural convection. To reduce complexity and achieve
accurate quantitative analysis, it is crucial to design mi-
crofluidic devices in such a way that a 1D temperature
gradient is established. The temperature gradient can happen
in three dimensions, such as the channel width, height, and
longitudinal length. Previous research demonstrated that the
temperature gradient across the channel width is dominant
by comparing such gradients along the channel height and
the longitudinal length. For this reason, this study only
considers the 2D dimension because the 3D thermal-fluidic
behaviors can be negligible.

Typically, natural convection is associated with an up-
down flow configuration, where the bottom surface is heated
while the top surface is cooled [44]. However, in our case,
the transverse direction of the temperature gradient, which
is perpendicular to the force of gravity, makes natural con-
vection more prominent compared to the vertical direction.
The buoyancy of the fluid in the measurement channel on the
cold and hot side causes natural convection, which flattens
the concentration gradient and influences the measured Soret
coefficient. Therefore, when measuring the Soret coefficient,
it is crucial to consider the impact of natural convection.

We set the reference channel dimensions to 100 𝜇m in
width and 100 𝜇m in height, and varied the dimensions of
each side from 50 𝜇m to 400 𝜇m. The temperature gradient
magnitude along the longitudinal direction is small enough
to be ignored. Thus, the geometry of this study is 2D, with
square and rectangular shapes.
2.2. Simulation

To comprehensively assess the thermophoretic behavior,
it is crucial to consider fluid dynamics, heat transfer, and

First Author et al.: Preprint submitted to Elsevier Page 2 of 14



Short Title of the Article

Figure 1: Schematic of the non-isothermal micro�uidic chan-
nel's geometry for simulation purposes. In this �gure, the
longest side of channel 𝐿long is the width 𝑤.

mass transfer simultaneously. To consider all these factors,
we utilize COMSOL Multiphysics v 5.6a, a commercial
code, to simulate the thermophoretic behavior under steady
state conditions. Using the non-isothermal flow module, we
can effectively solve for the fluid and thermal behaviors
within the microfluidic channel. The governing equations for
the fluid and thermal phenomena are described as follow:

𝜌∇𝑣 = 0 (2)

𝜌(𝑣 ⋅ ∇)𝑣 = ∇[−𝑝𝐼 +𝐾] + 𝐹 + (𝜌 − 𝜌𝑟𝑒𝑓 )𝑔 (3)

𝜌𝐶𝑝𝑣 ⋅ ∇𝑇 = 𝑘∇2𝑇 (4)
with the fluid density 𝜌, the fluid velocity 𝑣, the pressure 𝑝,
the viscous term 𝐾 , the external force on the fluid element
𝐾 , the gravity 𝑔, the specific heat 𝐶𝑝 and the temperature
𝑇 . The boundary condition for the fluid on all four sides
is a no-slip wall condition. One point is designated with
the reference pressure of 1 atm. Due to the incompressible
flow, the gravitational force is modeled with the Boussinesq
approximation. It allows us to describe the change in density
of water based solely on the temperature difference [3].

Figure 2: (a) Grid independence test for the simulation.
(b) Validation of the simulation through comparison with
measurement results.

As thermal boundary conditions, the left side represents
the hot wall and the right side the cold wall. The upper
and lower walls are assumed to be adiabatic, as we have
already demonstrated the independence of the temperature
distribution in the previous publication [23]. The tempera-
ture in the middle is fixed at 20◦C. To obtain a consistent
thermophoretic behavior, the temperature gradient is fixed at
0.05 K/𝜇m by regulating the temperature of the left and right
sides under the reference condition. This means that as the
width of the channel increases, the temperature difference
within the channel must also increase to compensate for the
change in width.

Since we are dealing with a dilute solution (c≪1), we
assume that the working fluid is water. For the liquid and
thermal behavior, properties such as density, dynamic vis-
cosity, thermal conductivity and heat capacity at constant
pressure are required. These properties were integrated into
the solver, taking into account temperature-dependent vari-
ations, since natural convection is induced by the density
differences under non-isothermal conditions. To establish a
link between the fluid and thermal results and the mass trans-
fer, we used the PDE module and integrated the following
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conjugate equations:
−𝐷∇2𝑐 −𝐷𝑆T𝑐(1 − 𝑐)∇2𝑇 + 𝑣∇𝑐 = 0 (5)

with the diffusion coefficient 𝐷, the concentration 𝑐, the
Soret coefficient 𝑆T, the temperature 𝑇 and the velocity 𝑣,
respectively.

To assess the influence of the grid points on the calcu-
lated Soret coefficient, we first varied the total number of
meshes in the simulation. Specifically, we set the number
of meshes within the COMSOL module between 1000 and
16000 meshes. The Soret coefficient to evaluate the mesh
independence test was determined by analyzing the slope
between the log concentration ratio and the temperature
difference. Figure Figure 2(a) shows that a convergent result
is obtained when the mesh number exceeds 6598. Therefore,
we set the current mesh number to 6598. The relatively
small number of meshes is due to the 2D simulation, which
requires fewer meshes to accurately simulate fluid dynamics,
thermal behavior, and mass transfer simultaneously. These
convergence limits were set to 0.001, as the combined be-
havior is very sensitive to further reductions in size.

Additionally, we compare our simulation results with
the experimental data for the validation [23]. The com-
pared results are the logarithmic concentration ratio with
the temperature difference at the center position. Figure
2(b) demonstrates that simulated results closely overlap with
experimental findings from previous research [23]. Based on
these findings, we can confidently conclude that the simu-
lation can estimate securely the thermophoresis occurring
within the measurement channel.
2.3. Data evaluation

In the steady state of a diluted solution (𝑐 ≪ 1), the flux
equation in Eq. 5 can be expressed as:

∇𝑐 = −𝑐𝑆T∇𝑇 , (6)
with the temperature 𝑇 and the Soret coefficient 𝑆T. In the
measuring channel, a one-dimensional temperature gradient
occurs along the transverse direction of the channel. There-
fore, we can focus solely on the center line of temperature
and concentration when evaluating the Soret coefficient. We
rearranged Eq.6 into 1D equation using ∇𝑐 = 𝑑𝑐∕𝑑𝑥 and
∇𝑇 = 𝑑𝑇 ∕𝑑𝑥 as follows:

ln
𝑐(𝑥)

𝑐(𝑥x=0)
= 𝑆T(𝑇 (𝑥x=0) − 𝑇 (𝑥)) (7)

Based on equation 7, the logarithmic concentration ratio
exhibits a linear dependence on the temperature difference
𝑇 (𝑥ref ) - 𝑇 (𝑥). This implies that the slope of the linear
relationship corresponds to the Soret coefficient. Thus, the
calculated Soret coefficient was compared to the input value
which was used to simulate the thermophoretic behavior
under different conditions.
2.4. Dimensional analysis

The thermal, fluid, and mass transfer phenomena in ther-
mophoresis are interconnected, resulting in the generation of

concentration gradients due to temperature gradients. There-
fore, when designing microfluidic devices with temperature
gradients, it is essential to account for natural convection
occurring within the measurement channel. This consider-
ation ensures a comprehensive understanding of the con-
jugated behavior and facilitates the optimization of device
performance. To analyze the natural convection effect in the
micron-sized chamber or channel, several researchers tried
to utilize the threshold value based on a Rayleigh number of
2300 [44]. This crucial value arises from the assumption that
the hot plate is positioned at the bottom while the cold plate
is located at the top. It means that the temperature gradient
direction is counter-direction with the gravity field. For this
reason, if the micron-sized chamber satisfies this threshold
with the same temperature configuration, it guarantees the
stability of the flow field against natural convection within
the chamber. Otherwise, many researchers make different
temperature configurations that are hot on the top side and
cold on the bottom side [36].

However, in the non-isothermal microfluidic channel
for measuring thermophoretic properties, the temperature
field aligns vertically with the gravity direction due to the
horizontal orientation of the temperature and concentration
measurements [45, 46]. This configuration facilitates the
natural convection within the non-isothermal microfluidic
channel, necessitating consideration of its impact on the
measurement. A detailed explanation of the natural con-
vection mechanism can be found in reference [3]. We will
specifically focus on the hot wall and its role in the natural
convection mechanism to gain a deeper understanding. For
this analysis, we can leverage the momentum equation to
identify the driving source of natural convection. From the
reference [3], the momentum equation on the differential
control volume along the horizontal direction (x) in the
presence of a horizontal temperature gradient can be written
as follows:

𝑢 𝜕𝑢
𝜕𝑥

+ 𝑣𝜕𝑢
𝜕𝑦

= 𝜈 𝜕
2𝑢

𝜕𝑦2
+ 𝑔𝛽(𝑇 − 𝑇inf ). (8)

where u, v, 𝜈, x, y, g, 𝛽, T andT𝑖𝑛𝑓 are the horizontal velocity,
the vertical velocity, the kinematic viscosity, horizontal axis,
vertical axis, gravity, the volume expansion coefficient, the
fluid temperature of differential control volume and the
ambient fluid temperature.

The second term on the right-hand side of the governing
equation represents the net force along the horizontal direc-
tion (𝑥-axis) resulting from the change in volume (density)
due to the temperature gradient. This force acts as an initial
ignition for natural convection. It causes a buoyant flow
along the vertical direction (𝑦-axis) as the fluid element
affected by the hot wall moves away due to the horizon-
tal momentum gained and its lower density compared to
the surrounding fluid. As a result, the cumulative increase
in volume of these affected fluid elements expands the
boundary layer from the lower edge to the upper edge of
the hot wall. It implies that the natural convection along
the vertical direction happens through the accumulation of
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volume (density)-changed fluid elements from the bottom
to the top. At the cold wall, a reverse process takes place,
which means that the volume (density)-changed fluid started
from the cold wall’s top wall to the cold wall’s bottom
wall. This highlights the importance of considering natural
convection simultaneously with the temperature and concen-
tration measurements in the channel, even when the gravity
and temperature gradient are perpendicular. Additionally,
the aforementioned threshold value [44] is not applicable
in microfluidic channels with temperature gradients. Thus,
other factors must be considered to determine the relative
significance of diffusion with thermophoresis compared to
natural convection.

To begin with, based on the governing equation stated in
Equation 5, we initially assume that mass transfer resulting
from thermophoresis predominantly occurs along the 𝑥-
direction, leading to the concentration gradient primarily
existing along the 𝑥-axis. Additionally, due to buoyancy
effects, we guess that the fluid velocity along the 𝑦-axis
can be greater than the fluid velocity along the 𝑥-axis, as
gravity acts in the direction of the 𝑦-axis. Furthermore,
it is important to note that the solution’s concentration is
sufficiently dilute (𝑐 ≪ 1). Consequently, Equation 5 can
be expressed in the following manner:

−𝐷𝑑2𝑐
𝑑𝑥2

−𝐷𝑆T𝑐
𝑑2𝑇
𝑑𝑥2

+ 𝑣 𝑑𝑐
𝑑𝑥

= 0. (9)

The first term in the equation represents the diffusion
process, the second term accounts for the thermophoretic
behavior, and the third term corresponds to the convection
process. Then, we perform the dimensional analysis by
changing appropriate variables in the governing equation
into the geometrical and operating parameters. 𝑥 is the
longest side of channel 𝐿long in the cross-sectional plane,
which is the width 𝑤 in Fig. 1. 𝑇 is the temperature dif-
ference Δ𝑇 in the channel. 𝑐 is the initial concentration
𝑐0. 𝑣 is the maximum velocity |

|

𝑣𝑛𝑐,𝑚𝑎𝑥|| induced by natural
convection. 𝑆T is the absolute value of the Soret coefficient
|

|

𝑆𝑇
|

|

of the solute. By substituting the values in the Eq.9, we
arrange the Eq. 10 as follow:

𝛼 ∼
𝑣𝑛𝑐,𝑚𝑎𝑥

𝐷
𝐿long

(1 + |

|

𝑆T
|

|

Δ𝑇 )
(10)

Here, 𝑣𝑛𝑐,𝑚𝑎𝑥 represents the maximum velocity induced
by natural convection, 𝐷 is the diffusion coefficient, 𝐿longis the longest channel length in the cross-sectional plane,
|𝑆T| is the absolute value of the Soret coefficient, and Δ𝑇
is the temperature difference in the channel. Note that the
natural convection velocity occurs in the whole channel,
and the temperature-dependent properties determine fluidic
behaviors in the channel. However, only the temperature and
concentration fields at the center part of the channel are used
for evaluating the thermophoretic properties. Therefore, we
use the diffusion coefficient at the center of the channel

Figure 3: (a) Distribution of temperature and (b) distribution
of velocity within the cell. (c) Variation of the maximum
velocity caused by natural convection as the width, height,
and side length of the square channel change.

corresponding to the average temperature for the figure of
merit.

We introduce a factor 𝛼 as a "figure of merit" to ef-
fectively design a microfluidic channel with a temperature
gradient that can reliably measure thermophoretic proper-
ties. The value of 𝛼 holds significant implications for the
thermophoretic behavior within the system. When 𝛼 is con-
siderably smaller than 1, thermophoresis becomes dominant,
enabling the measurement of Soret coefficients through the
channel. On the contrary, when 𝛼 is significantly larger than
1, convection prevails, leading to constant concentration due
to intense mixing. As a result, the channel becomes unsuit-
able for accurate measurements. When 𝛼 is around 1, careful
consideration is required to determine the functionality of
the microfluidic channel as a measurement device. For this
reason, we assert that 𝛼 serves as a reliable design criterion
for the non-isothermal microfluidic channel for measuring
thermophoretic properties.

3. Results and Discussion
3.1. Natural convection characteristics depending

on geometrical and operating factors
The factor 𝛼 contains various pieces of information such

as the maximum natural convection velocity, the diffusion
coefficient, the channel width, Soret coefficient and the
temperature differences. The natural convection velocity,
unlike the other factors, needs to be separately calculated
through simulation. This is because estimating the velocity is
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challenging due to the complex nature of natural convection
within confined geometries. Therefore, in order to account
for this, we assessed the maximum natural convection veloc-
ity based on simulated results. This approach was chosen as
it validates the combined impact of natural convection and
thermophoresis using experimental data from the previous
section.

The dominant factor influencing natural convection in
the microchannel is its geometrical configuration, as the flow
acceleration due to the buoyancy being constrained by di-
mensions of each side. Figure 3(a) illustrates the temperature
distribution within the measurement channel. Previous stud-
ies have demonstrated that the temperature remains inde-
pendent along vertical and longitudinal directions [23]. This
characteristic allows for the simulation of thermophoretic
behavior in the measurement channel using 1D temperature
distribution. Consequently, we computed the natural con-
vection shown in Fig. 3(b) based on this 1D temperature
distribution. In Fig. 3(b), we observe that the density of
water decreases at the hot wall (left side), resulting in an
upward flow. Simultaneously, the density of water increases
at the cold wall (right side), leading to a downward flow.
These flows accelerate and decelerate before reaching the
wall, as the fluid velocity must be zero at the stagnation
point. Subsequently, the flows make a 90° turn and undergo
re-acceleration and deceleration in the transverse direction
within the channel. This continuous process generates flows
from each side wall through natural convection. At the center
of the channel, there is a balancing effect between the upward
flow at the hot wall and the downward flow at the cold
wall, resulting in the cancellation and neutralization of fluid
velocity. Analysis of the contour reveals that the maximum
velocity occurs at the midpoint of each side.

Utilizing simulation results, we present the maximum
velocity of natural convection for inserting 𝛼 in Fig. 3(c).
To alter the maximum natural convection velocity within
the channel, we adjust geometric dimensions of the cell due
to their significant correlation with natural convection. We
consider different cases for simulation, including a square-
shaped and a rectangular-shaped measurement channel. The
square channel serves as the reference channel, with each
side having the same length. On the other hand, the rect-
angular channel is employed to investigate the effect of con-
finement, which restricts the flow acceleration due to natural
convection. In all cases, the dimensions of the reference
channel are 100 𝜇m (width) by 100 𝜇m (height). Using this
reference channel size as a baseline, we vary the width from
50 𝜇m to 400 𝜇m and the height from 50 𝜇m to 400 𝜇m.

To enable a comparison between different sizes, we uti-
lize the length of the longest side as the parameter on the 𝑥-
axis. As shown in Fig. 3(c), it becomes evident that the max-
imum natural convection velocity exhibits a direct propor-
tionality to the longest side within the measurement channel.
Notably, the slope of the square channel, representing the
longest side, is steeper than that of the rectangular channel.
When varying each side length of the square channel from
50 𝜇m to 400 𝜇m, the maximum velocity experiences a

Figure 4: Concentration distribution with varying sizes of
square channels: (a) 50 𝜇m x 50 𝜇m, (b) 100 𝜇m x 100 𝜇m
and (c) 200 𝜇m x 200 𝜇m.

range of variation from 0.064 𝜇m/s to 32.9 𝜇m/s. On the
other hand, in the case of a rectangular channel, regardless
of its vertical or horizontal orientation, the maximum natural
convection velocity ranges from 0.127 𝜇m/s to 1.05 𝜇m/s.
This observation highlights the strong confinement effect
presented in the rectangular channel, which diminishes the
natural convection velocity within the measurement channel.
Consequently, the acceleration of the natural convection ve-
locity along the hot and cold walls is hindered. This indicates
that the natural convection can be controlled by adjusting
the confined length of the channel, allowing for an increase
in the size of the measurement section. Since the natural
convection impedes the desired thermophoretic behavior in
the channel, such confinement on the natural convection is
beneficial.
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Figure 5: Logarithmic concentration ratio as a function of
temperature di�erence for di�erent variations in (a) square
size, (b) width, and (c) height.

Based on the natural convection behavior, we perform a
conjugate analysis including the mass transfer. We assume
that 𝐷 represents the Einstein diffusion coefficient of col-
loidal particle with a diameter of 10 nm in water. Addition-
ally, the Soret coefficient is assumed to be 1 𝐾−1, and there
is a temperature gradient of 0.5 K/𝜇m. Figure 4 shows the
concentration distribution in the measuring channel with the
natural convection. Figures 4 (a), (b) and (c) correspond to

the actual size of the contour despite the increase in the side
length of the square channel. We understand that the con-
centration distribution is mixed with the enlargement of the
channel. This explains that the advection term dominates the
field in Eq.5, which results in the unreliable-thermophoretic
measurement channel. To compare the mixing effect on
measuring Soret coefficient quantitatively, we arrange the
logarithmic concentration distribution with the temperature
difference based on Eq.7. Figure 5(a) shows the logarith-
mic concentration ratio as a function of the temperature
difference for different channel sizes. In the graph, the slope
between the logarithmic concentration ratio and tempera-
ture difference expresses the Soret coeffcient. Based on our
findings, we can conclude that channel sizes exceeding 200
𝜇m by 200 𝜇m cannot yield reliable Soret coefficients in
the measurement channel. This limitation arises from the
homogenization caused by convection, resulting in a zero-
slope condition. Figure 5 (b) and (c), however, show the
linear relation between the logarithmic concentration ratio
and the temperature difference despite to the increase in
the longest side of the rectangular channel. Even though
the discrepancy increases with the increment in the longest
length, the diffusion determines the concentration field in the
measurement channel which can provide reliable measure-
ments of the Soret coefficient. It means that if we confine
one side of the rectangular channel, then the measurement
channel works properly. In addition, the increase in channel
size induces the convection dominated channel which cannot
provide the Soret coefficient. To obtain a general description
of various parameters, we apply dimensional analysis to
convert geometric factors into a dimensionless parameter
called 𝛼. In Figure 6(a) we see the dependence of 𝛼 on
the longest length of the measurement channel for both
square and rectangular channels. As shown in Fig. 6(a),
the value of 𝛼 increases abruptly with increasing length of
the longest channel for the square channel. However, for
the rectangular channel, 𝛼 increases steadily with increasing
channel width and height, while it remains proportional
to the longest channel length. This behavior indicates that
𝛼 adequately captures the variation in natural convection
velocity. Figure 6(b) presents a comparison between the
Soret coefficient calculated from simulated results and the
input Soret coefficient used in the thermophoresis simu-
lation. The unity value corresponds to an identical match
between the input value and the calculated Soret coefficient.
As illustrated in Fig. 6(b), when 𝛼 increases, a significant
deviation occurs in the graph beyond a certain threshold
value around unity. In dimensional analysis, we propose that
when the threshold value, which is approximately one, is
reached, it causes a shift from diffusion-dominated terms
to convection-dominated terms in Equation 5. Although the
threshold value may not precisely be unity, as 𝛼 approaches
zero, the deviation of the Soret coefficient also approaches
zero. 𝛼 values above one exhibit substantial deviations in
the Soret coefficient, resulting from convection leading to
mixing within the measurement channel. Hence, we can
conclude that the parameter 𝛼 effectively represents the
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Figure 6: Graphs depicting the relationship between (a) the
longest size of the channel and alpha (𝛼), and (b) the relation-
ship between alpha (𝛼) and the calculated Soret coe�cient
(𝑆T) derived from the simulation.

range whether thermophoretic measurements yield reliable
Soret coefficient or not. To analyze the influence of other
parameters on 𝛼, we investigate variations in operating con-
ditions such as temperature difference, as well as properties
including diffusion coefficient and Soret coefficient.
3.2. Operating and property effect on the

thermophoretic behavior
Initially, we focus on investigating the influence of the

temperature gradient on the thermophoretic behavior within
the measurement channel. The temperature gradient is a con-
trolled factor achieved by adjusting the temperatures of hot
and cold water. The channel size is set to 100 𝜇m by 100 𝜇m,
while the diffusion coefficient corresponds to the Einstein
diffusion coefficient for colloidal particles with a diameter of
10 nm in 20◦C water. The Soret coefficient is fixed at 1 𝐾−1,
and the average temperature is 20◦C. In a previous study
[42, 23], reducing the wall thickness below 100 𝜇m proved
to be challenging. This led to a significant temperature drop
at the wall, resulting in a maximum temperature gradient of
approximately 0.1 K/𝜇m in the measurement channel. Thus,
we consider a temperature gradient range from 0.025 K/𝜇m
to 0.1 K/𝜇m, with a reference value of 0.05 K/𝜇m. Figure

Figure 7: E�ect of temperature gradient on concentration
distribution in case of (a) ∇T = 0.025 K/𝜇m, (b) ∇T = 0.05
K/𝜇m and (c) ∇T = 0.075 K/𝜇m

7 illustrates the concentration distribution depending on the
temperature gradient. As shown in Fig. 7, an increase in
the temperature gradient leads to a corresponding increase
in the concentration gradient. According to the relationship
𝑆T ⋅ d𝑇 ∼ d𝑐∕𝑐, a larger temperature gradient induces a
larger concentration gradient within the measurement chan-
nel, assuming a constant Soret coefficient. To assess the
temperature gradient’s effect on the thermophoretic field, we
calculate the Soret coefficient from the slope between the
logarithmic concentration ratio and the temperature differ-
ence within the channel. Figure 8(a) presents a quantitative
comparison of the logarithmic concentration ratio with the
temperature difference for different temperature gradients.
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Figure 8: (a) Logarithmic concentration ratio as a function
of temperature di�erence for various temperature gradients
within the cell. Graphs depicting the relationship between: (b)
Temperature gradient and 𝛼, and (c) 𝛼 and the calculated
Soret coe�cient.

The graphs have similar slopes, which makes it challenging
to distinguish any significant differences between them. This
suggests that the effect of the temperature gradient is rel-
atively weak since it increases both the natural convection
velocity and the thermophoretic effect in the field simul-
taneously. To summarize these findings in terms of 𝛼, we
present Figs. 8(b) and (c) to evaluate the parameter’s effect
on 𝛼 and the deviation of the Soret coefficient. Depending
on the temperature gradient, 𝛼 ranges from 0.17 to 0.22,

Figure 9: In�uence of the di�usion coe�cient on the concen-
tration distribution for three scenarios: (a) 𝐷0 = 4.27 × 10−11
m2/s, (b) 0.1⋅𝐷0, and (c) 0.01⋅𝐷0

which is significantly lower than 1. This indicates that the
dominant behavior in the channel is diffusion, as depicted
in Fig. 8(c), where the discrepancy of the Soret coefficient
remains within 10% of the input value.

Another influential factor contributing to 𝛼 is the diffu-
sion coefficient, which is directly linked to the concentration
gradient field in the presence of a temperature gradient.
Hence, it is important to examine the impact of the diffusion
coefficient on the thermophoretic field within the channel.
As before we use the diffusion coefficient of a 10 nm bead in
water at 20◦C as reference. By increasing the colloid diame-
ter, we vary the diameter from 10 nm to 1000 nm, resulting in
a corresponding change in the diffusion coefficient from 𝐷0(d = 10 nm) to 0.01𝐷0 (d = 1000 nm). Figure 9 illustrates the
concentration field as function of the diffusion coefficient.
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Figure 10: (a) Logarithmic concentration ratio as a function of
temperature di�erence, considering variations in the di�usion
coe�cient relative to the Einstein-di�usion coe�cient of a
colloidal particle with a diameter of 10 nm. Graphs depicting
the relationship between: (b) 𝛼 and the ratio of the di�usion
coe�cient to the di�usion coe�cient of a 10 nm bead, and (c)
𝛼 and the calculated Soret coe�cient.

With a larger diffusion coefficient corresponding to a 10 nm
diameter, the concentration field is primarily governed by
thermophoresis, even in the presence of natural convection
within the channel. However, as the diffusion coefficient
decreases, an abrupt change occurs in the concentration field
within the channel. Particularly, for a colloid diameter of
1000 nm (0.01 𝐷0), the concentration field becomes nearly

flat due to the dominance of strong convection. This indi-
cates that the diffusion coefficient is another crucial factor
in determining the criteria for measuring thermophoresis in
the channel.

To quantify the relationship between the diffusion co-
efficient and the Soret coefficient, we plot the logarithmic
concentration ratio against the temperature difference for
various diffusion coefficients in Figure 10(a). The graph
pattern exhibits significant variations depending on the dif-
fusion coefficient. Significantly, when dealing with smaller
diffusion coefficients associated with larger particle diam-
eters, the slopes of the graphs decrease and become even
slightly negative. Surprisingly, despite inputting a positive
Soret coefficient in the simulation, no concentration gradient
is observed. This indicates that the prevalence of natural
convection can lead to a reversed sign within the channel,
making it inappropriate for accurately measuring the ther-
mophoretic field in that particular scenario. Similar to the
impact of temperature gradient, we quantify the influence
of diffusion coefficient variation by converting it into 𝛼,
as illustrated in Figure 10(b). It is evident from Fig. 10(b)
that 𝛼 undergoes abrupt change depending on the diffusion
coefficient, highlighting the crucial role of the diffusion
coefficient in determining the concentration field within the
measurement channel. Figure 10(c) displays the ratio of the
calculated Soret coefficient to the input value as a function
of 𝛼. We notice a substantial influence of the diffusion coef-
ficient on the Soret coefficient, indicating that it is another
significant parameter that affects the thermophoretic field
within the measurement channel. Note that natural convec-
tion flattens the concentration profile within the channel and
in extreme cases can even reverse the profile due to the
rotational flow it causes. This means that a negative value
of the concentration ratio (calculated compared to the input)
results from the rotational flow caused by natural convection.

The Soret coefficient plays a crucial role as the final
determinant of 𝛼. Assessing the impact of the Soret coef-
ficient on the thermophoretic field is a complex task due to
its dependence on both the diffusion coefficient and the ther-
modiffusion coefficient. In order to investigate the influence
of this parameter, we conduct simulations with varying Soret
coefficients and analyze the underlying factors contributing
to observed results. The diffusion coefficient corresponds to
the Einstein diffusion coefficient for particles with a diameter
of 10 nm. The Soret coefficient is set to 1 𝐾−1. The average
temperature is 20◦C, and the temperature gradient is 0.5
K/𝜇m. Figure 11 illustrates the concentration field within
the measurement channel for different Soret coefficients. It
can be observed that the magnitude of the concentration
gradient in the field is proportional to the Soret coefficient.
Consequently, a lower Soret coefficient results in a less
pronounced concentration field compared to a higher Soret
coefficient, as depicted in Fig. 11. However, even with a
small concentration gradient occurring in the channel, it
is still possible to estimate the Soret coefficient accurately.
Therefore, we proceed to quantify the slope between the log-
arithmic concentration ratio and the temperature difference
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Figure 11: E�ect of Soret coe�cient on concentration distri-
bution in case of (a) 𝑆T= 1 K−1, (b) 𝑆T= 0.1 K−1 and (c) 𝑆T=
0.01 K−1

and compare the quantitative differences depending on the
Soret coefficient. Figure 12 presents the ratio of the extracted
Soret coefficient to the input value. As evident from the
figure, the difference in the Soret coefficient remains small
enough to estimate the input value with an error within 10%,
even when 𝛼 exceeds unity. We attribute this effect to the
presence of a large diffusion coefficient. In the preceding
paragraph, we established that the diffusion coefficient is
a dominant factor in determining the thermophoretic field.
To compare the Soret coefficients, we employ a diffusion
coefficient of 𝐷0, which is sufficiently large to outweigh the
small contribution from the thermodiffusion coefficient in
the Soret coefficient. This implies that the Soret coefficient is
not the primary factor determining the thermophoretic field.
Therefore, before measuring colloids to determine the Soret

Figure 12: Graph illustrating the relation between 𝛼 and the
calculated Soret coe�cient.

coefficient, it is essential to consider the diffusion coefficient
of the colloidal particles and ascertain whether they can
be accurately measured in the non-isothermal microfluidic
channel or not.

Note that the Soret coefficient (𝑆T), as described in Eq.
1, depends on both the diffusion coefficient (𝐷) and the ther-
modiffusion coefficient (𝐷T). A larger Soret coefficient may
indicate either an inversely proportional diffusion coefficient
or a directly proportional thermodiffusion coefficient. In this
work, we analyzed the contributions of the Soret coefficient
and the diffusion coefficient separately, since thermophoretic
microfluidic cells can only measure the Soret coefficient
directly. We plan to conduct a future study in which the
diffusion and thermodiffusion coefficients are varied inde-
pendently.
3.3. Design guideline of non-isothermal

microfluidic channel for the thermophoretic
measurement

Based on the observed effects of design parameters on
the thermophoretic field, it becomes evident that 𝛼 is a
suitable figure of merit for capturing the combined influence
of natural convection and design parameters. Furthermore,
𝛼 effectively characterizes the thermophoretic field by rep-
resenting the ratio between diffusion behavior and natural
convection in the field. Consequently, we can gather the
parametric studies discussed in the previous section and
extract insights for thermal design considerations in the non-
isothermal microfluidic channel used for thermophoretic
measurements.

Figure 13 gathers calculated results with various param-
eters and presents the relationship between the calculated
and input Soret coefficient ratio and 𝛼, which ranges from
0 to 10. 𝛼 consists of various parameters whic relate to the
design of the thermophoretic microfluidic cell. From this
figure, we can identify a distinct decrease point occurring
around 𝛼 = 1. Below 𝛼 = 1, the calculated Soret coefficient
approches to 1. Otherwise, above 𝛼 = 1, the calculated Soret
coefficient is close to zero. From the governing equation,
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Figure 13: Ratio between the calculated and input Soret coe�cient as a function of 𝛼 (ranging from 0 to 10), in�uenced by
various parameters and designs of the non-isothermal micro�uidic channel.

𝛼 encompasses the thermal-fluid behavior, including mass
transfer, within the measurement channel. For this reason,
𝛼 can serve as a valuable thermal design guideline as it
encompasses a range of information about the parameters,
including the maximum natural convection velocity, the
diffusion coefficient, Soret coefficinet, geometrical factors,
and temperature gradient, simultaneously. To establish a
thermal design guideline, we employ a logistic fit to generate
a master curve, described by the following equation:

𝑦 = 𝐴2 + (𝐴1 − 𝐴2)∕(1 + 𝑥∕𝑥0)∕𝑝 (11)
where 𝐴1, 𝐴2, 𝑥0 and 𝑝 are the intersection value with 𝑦-
axis, the lower limit of 𝑦-value, the 𝑥-value by the half of
𝐴1 and 𝐴2, and the power number for fitting the curve. The
graph in Figure 13 displays a well-fitted curve that accurately
represents the dataset. In this graph, 𝐴1 is determined to be
0.9945, indicating that as 𝛼 approaches zero, the calculated
Soret coefficient converges to the input Soret coefficient,
corresponding to a diffusion-dominant field. The value of 𝑥0is found to be 1.04, indicating the transition from a diffusion-
dominant field to a convection-dominant field at 𝛼 = 1.04.
This value holds significant importance as it establishes
a clear criterion for non-isothermal microfluidic channel
design when aiming to measure the Soret coefficient. More-
over, if 𝛼 is smaller than unity, the non-isothermal microflu-
idic channel can successfully measure quantitative data such
as the Soret coefficient using various observation techniques.
Additionally, this result suggests that non-isothermal mi-
crofluidic channel with constrained length in a specific di-
rection can effectively suppress natural convection beyond
expectations. This indicates the possibility of increasing
the measurement section while reducing the dimensions of
other sides to create a diffusion-dominant field. Therefore,

𝛼 serves as a design guideline for non-isothermal microflu-
idic channel, enabling the identification of the diffusion-
dominant field within the measurement channel.

4. Conclusion
We investigated the design factor to integrate the ther-

mal, fluid and mass transfer behavior in the temperature gra-
dient channel and suggested the design criteria for the non-
isothermal microfluidic channel for measuring the Soret co-
efficient. Using numerical simulations, we accurately mod-
eled and validated multiphysical behaviors occurring in the
non-isothermal microfluidic channel. Moreover, by conduct-
ing dimensional analysis on the governing equation for ther-
mophoretic behavior in the channel, we can extract the
design factor 𝛼, which takes into account for operating
parameters, properties, and geometrical factors simultane-
ously. Based on the suggested figure of merit 𝛼, we simulated
the thermophoretic behavior in the channel and observed
the threshold to change from the diffusion-dominant field to
the convection-dominant field. The results demonstrated a
close relationship between the natural convection velocity
and the geometrical factors. The natural convection velocity
had a significant impact on the thermophoretic field within
the measurement channel. Therefore, the geometrical factor,
which can be intentionally modified, played a crucial role in
determining whether the non-isothermal microfluidic chan-
nel could effectively measure the Soret coefficient or not.

In addition, we checked parameters such as the temper-
ature gradient, the diffusion coefficient depending on the di-
ameter of colloidal particle, the Soret coefficient. The results
revealed that the diffusion coefficient played a crucial role in
determining whether the field was dominated by diffusion
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or convection. In conclusion, we propose that 𝛼 can serve as
a useful indicator for designing non-isothermal microfluidic
channels, such as thermophoretic microfluidic cells. If 𝛼 is
smaller than or equal to unity, we are in a diffusion-dominant
field, which means that it is possible to measure the Soret
coefficient in the non-isothermal microfluidic cell. When 𝛼
exceeded a certain threshold value (unity), a convection-
dominant field occurred within the channel. This means
that convection hinders the accurate measurement of the
thermophoretic effect in the channel. If we cannot judge
the figure of merit easily, the longest length on the cross-
sectional plane of measurement channel should be below
100 𝜇m [40, 23, 41] which can suppress the natural convec-
tion sufficiently as depicted in Fig. 3(c). Note that the figure
of merit is difficult to utilize for the non-Newtonian fluid
because the fluid velocity varies thermo-fluidic properties,
such as viscosity in the non-Newtonian fluid. Consequently,
the figure of merit in the current research is limited to
Newtonian fluids. If the figure of merit is extended for non-
Newtonian fluids, then the thermo-fluidic properties should
be well-known for analyzing the figure of merit 𝛼, or further
studies are needed. This study provides valuable insights into
stable measurements studying thermophoretic behavior in
microfluidic channels. It enhances our understanding of the
thermal, fluid, and mass transfer behaviors occurring in non-
isothermal microfluidic channels.
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