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ARTICLE INFO ABSTRACT

Keywords: Thermophoretic enrichment of particles has been recognised as an efficient way to concentrate nanovesicles in

Nanoparticles . biomedical studies. Although some experimental and analytical studies have been undertaken to examine the

Thermophoresis thermophoretic accumulation mechanisms, few studies have been conducted to optimise the device design. This

Laser . . . . . .

Microfluidi paper presents a detailed parametric study of a thermophoretic enrichment system, which sandwiches a
1crofiuidics

microchamber containing particle/fluid mixture by a glass top, from where an infrared laser heat source is
introduced, and a sapphire bottom, which has a high heat conductivity to prevent overheating. The influences of
the laser spot radius, laser attenuation rate, nanoparticle size and laser power are investigated. The radius of the
nanoparticle accumulation zone is found to be approximately 1.25 times the laser spot radius. A reduction in the
laser attenuation length leads to a reduction of the time taken by the nanoparticles to reach the steady state, but
an enlarged zone over which nanoparticles are concentrated. There exists an optimum range of the attenuation
length, depending on the required size of the target area. We have also determined the threshold particle size,
which decides whether the particle motion is convection-dominated or thermophoresis-dominated. Furthermore,
an increase in the laser power reduces the accumulation time. These findings provide guidelines for the design of
enrichment systems.

approaches are ineffective for nanoparticle processing due to the steep
decrease of the body forces generated by them as the particle size de-
creases and the strong Brownian motion of submicron- and
nanometre-sized species. Recently, thermophoresis has been proposed
as an effective strategy for the manipulation of nanoparticles due to its

1. Introduction

Nanovesicles such as exosomes, of 30-150 nm in diameter, and
microvesicles (MVs), of 200-1,000 nm in diameter, have attracted
increasing attention, as they provide an unbiased and global readout of

tumours [1]. However, technical constraints prevent them from being
fully leveraged as the new liquid biopsy paradigm for early cancer
detection. Most available diagnostic tests for nanovesicles suffer from
low sensitivity, poor efficiency and large sample consumption. For
example, ultracentrifugation is the most commonly used technique in
exosome separation and concentration, but it is of low purity, low yield,
and low efficiency [2]. Such limitations restrict their applications to
clinical testing, which involves serial analyses, large patient cohorts and
limited specimens. Recent advances in lab-on-a-chip technologies have
led to the innovation of portable microfluidic devices for microparticle
separation and concentration, employing various physical mechanisms
such as centrifugation [3,4], inertia-driven flow [5], dielectrophoresis
[6], optical trapping [7] and acoustophoresis [8,9]. However, these
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fast, low-cost and easy-to-operate characteristics [10,11].

Ludwig is the first to describe the phenomenon of thermophoresis
[12]. Thermophoresis, also called thermal migration, replies on the ef-
fect of the temperature gradient on particles, which drives them to move
from a hot region to a cold region [13,14]. This phenomenon is an
additional transport mechanism complementary to molecular diffusion.
The Soret (S7) coefficient is the magnitude that represents this migra-
tion, and it is the ratio between the thermal diffusion (Dr) and material
diffusion (D) coefficients, Sy = Dr/D. The total mass flux can be written
as follows [15]

J = —-DVec —cD;VT (@)
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Fig. 1. Schematic of the thermophoretic enrichment model setup.
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Fig. 3. Velocity field in the middle section.
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Fig. 4. Schematic of target cylinder centred at the final positions of
nanoparticles.

where J is the net mass flux, c is the concentration, and VT is the tem-
perature gradient.

In a typical thermophoresis enrichment system, an infrared (IR) laser
beam is introduced into the particle/fluid mixture in a microchamber to
induce the temperature variation [16]. The liquid around the centre of
the microchamber experiences the maximum temperature. The local
heating drives a toroidal convective flow that continuously pushes
particles toward the centre of the chamber at the bottom. Meanwhile,
thermophoresis tends to repel particles away from the hot liquid core,
preventing particles rising up and thus leading to particle accumulation
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at the centre of the chamber bottom. There have been some experi-
mental studies demonstrating nanoparticle enrichment using thermo-
phoretic effects. Liu et al. first utilised the principle of thermophoresis to
establish a thermophoretic aptamer platform for the accumulation of
EVs [10]. Both exosomes (30 — 150 nm) and microvesicles (200 — 1,
000 nm) can be effectively accumulated by thermophoresis within 10
mins. Tian et al. used a thermophoretic aptasensor to profile
cancer-associated protein markers from plasma EVs and predicted the
course of metastatic breast cancer [11]. Recently, Huang et al. devel-
oped a newly evolved aptamer with rapid binding kinetics that can
efficiently bind to PD-L1. Meanwhile, the strong thermophoretic effect
of high-charge aptamers has been utilised to establish a simple, fast,
separation-free and homogeneous thermophoresis EV enrichment
approach for EV PD-L1 sensitive quantification [17]. Thermophoresis
has also been employed to concentrate nucleic acids (DNAs and RNAs),
according to their comprehensive length or stem configuration [18].

No research has conducted on the influence of the laser parameters
on the nanoparticle thermophoretic enrichment. These parameters
change the temperature field and are thus expected to play important
roles in the particle enrichment process, affecting both the final particle
positions and the particle accumulation time. Our research systemati-
cally investigates key laser parameters, including the laser spot radius,
the laser attenuation rate, and the laser power. The spot radius of the
laser determines the size of the heating core in the middle of the
microchamber. The attenuation length of the laser influences the accu-
mulation efficiency by changing the gap between the heating core and
the bottom of the chamber. In addition, the influence of the laser power
on the accumulation efficiency is not well understood and thus is also
investigated. Our findings offer a comprehensive understanding of these
factors’ impact on nanoparticle accumulation, thereby providing in-
sights into the optimal design of the laser system for efficient thermo-
phoretic enrichment. Another key part of our research focuses on
identifying the threshold particle size for successful enrichment. Such
information contributes to ascertain the dominant mechanism that
governs the particle motion, revealing the limit of thermophoretic
enrichment. In this work, the finite element method is used to numeri-
cally model the thermophoresis enrichment. The liquid motion is gov-
erned by the continuity and Navier-Stokes equations. The
thermophoretic force, drag force, lift force, Brownian force and buoy-
ancy act on solid particles to drive their motion. To validate this nu-
merical model, a past case study published by Liu et al. is reproduced
[10] by the current model. After studying the sensitivity to the micro-
chamber height, we used our model to investigate the influence of the
spot radius of the laser, the light attenuation length and the laser power
on the nanoparticle enrichment efficiency.

2. Governing equations

The Eulerian-Lagrangian approach is used in this study. The liquid is
considered a continuous phase using the Eulerian description, while the
suspended particles dispersed in the liquid are tracked employing the
Lagrangian description [19,20]. The finite element method (FEM) is
implemented to simulate heat transfer, laminar flow, and particle
motion.

In all cases, flat-top IR laser beams are used in the experiments,

Fig. 5. Simulation of particle accumulation of EVs.
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Fig. 6. Top view of target cylinder at the steady state for different chamber heights.
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Fig. 7. Percentages of particles in the target cylinder for selected cham-
ber heights.

100% ¢ o x
90% I < .
80%
70%
60% |

8. 50% | *
40% x
30% | .

20%
10% *

0% . . . . . ,
80 120 160 200 240 280 320
Chamber height (um)

Optimum
height range

Fig. 8. Final percentages of particles in the target cylinder for all tested
chamber heights.

serving as the heat source [10]. The power density is constant hori-
zontally within the working area, whose radius is ry, while it attenuates
along the vertical direction. For flat-top beams, the laser power outside
the working area is zero. The power density distribution of the IR laser in
working area is modelled according to the Beer-Lambert law [21]:
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Fig. 9. Temperature gradients (blue) and convection flow speeds (orange) at
5 pm above the centre of the microchamber bottom for different heights.

Q=0/(nry) x exp(—(H—2z)/4) 2)

where Q is the power density function in the liquid, Qo is the total laser
power, ry is the spot radius of the laser, H is the height of the micro-
chamber, z is the vertical coordinate, and 4 is the attenuation length.

The motion of an incompressible fluid is governed by the conserva-
tion of mass and momentum [22]:

V-(pv) =0 ©
a(g:) + V-(pw) = =Vp + V-(uVv) — pa(T — To)g @

where p is the fluid density, x4 is the dynamic viscosity of the fluid, v is the
velocity vector, p is pressure, a is the thermal expansion coefficient of
the fluid, g is gravitational acceleration vector, T is the warm fluid
temperature, and T, is the ambient temperature. The Boussinesq
approximation is employed to model natural convection.

The conservation of energy can be expressed by [23]:

or
pCpa—t + pcpv-VT = V(va) + Q (5)

where ¢, is the heat capacity and k is the thermal conductivity of the
fluid.

The forces acting on the nanoparticles include the thermophoretic
force, the drag force, the lift force, the Brownian force and the buoyancy
force. The particle-particle interactions are not considered since the
particle volume fraction is relatively small. The motion of a particle can
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Fig. 11. Maximum temperatures (T*) for different ry values.

be described by [24-28]:

S _p, +FT+Fb+F1+g(pP—_”) O]
dt Py
where v, is the velocity of the particle, Fp is the drag force per unit
particle mass, Fr is the thermophoretic force per unit particle mass, Fj is
the Brownian force per unit particle mass, F; is the Saffman’s lift force
per unit particle mass due to shearing, and p,, is the particle density.

The drag force is defined as [29]:

1

Fp :g(va,,) (7a)

where 7, is the particle velocity response time. Here, the relative Rey-
nolds number of the particles in the fluid is very small, so the Stokes drag
law is applicable. According to the Stokes drag law, the velocity
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response time is defined as:

4

T, = 184 (7b)

where d, is the particle diameter.

The thermophoretic force is used to model the thermophoresis phe-
nomenon, which causes particles to migrate in a fluid with a nonuniform
temperature field. It is expressed by [25]:

_ 6mur,y  —6mur,DrNT  —6mur,StDVT

m, nm, m,

Fr ®

where r,, is the particle radius, and m, is the particle mass.
The Brownian force is modelled as a Gaussian white noise random
process given by [30]:

216kuT

lTGo
F,=¢&/—and Gy = ———
At ndyplC,

)]

where At is the time step adopted by the solver, kg = 1.380649 x
10723 J/K is the Boltzmann constant, C, is the Stokes-Cunningham slip
correction, and ¢ represents a vector whose components are independent
random numbers obeying a normal distribution with zero mean and unit
variance [31].

Moreover, submicron particles in a shear flow field experience a lift
force perpendicular to the direction of the flow. This shear lift originates
from the inertia effects in the viscous flow around the particle. For small-
Reynolds-number flows, it can be estimated by Eq. (10) [32].

2K (u/p)"pd;
. (u/p) /71/4/,(v ) (10)
Pply(dudi)

where K=2.594, and dj; is the fluid deformation rate tensor.
3. Numerical model

Fig. 1 presents a 3D view of the thermophoretic enrichment system
for accumulating nanoparticles. The entire system is made of three parts:
a glass top slide, a microchamber in the middle, and a sapphire bottom
slide. L represents the diameter, and H represents the height of the
microchamber. Due to the high thermal conductivity of the sapphire
bottom slide, the chamber bottom experiences little temperature rise so
that live nanoparticles will not suffer from thermal degradation when
they accumulate on the chamber bottom. In the experiment, Polystyrene
(PS) nanoparticles are diluted in water and randomly seeded in the
microchamber. To generate the temperature gradient, an IR laser with a
wavelength of 1,480 nm and a power Qy = 194 mW is used [10]. The
laser is a flat top beam that focuses onto the bottom of the micro-
chamber. The accumulation of nanoparticles relies on the interplay of
thermophoresis, diffusion and convection induced by localised laser
heating. We aim to accumulate nanoparticles in the middle area on the
bottom of the chamber.

The 3D geometry is symmetric about the z axis and can be converted
to a 2D axisymmetric model, which significantly reduces the computa-
tional time and memory required to solve the partial differential equa-
tions. In all the case studies, the room temperature is taken to be T
=25°C. At this temperature, the key properties of water are p, = 997
kg/m3, 4 = 0.890 mPa-s, and the values of the density of polystyrene is
pp = 1050 kg/m3. The thermal conductivities k of water, glass and
sapphire are 0.6, 1.3 and 35 W m~ 1K™, respectively. The heat capac-
ities ¢, of water, glass and sapphire are 4,200, 761 and 755 J Kg~1K !,
respectively [10].

The FEM simulation is implemented in the following procedure.
First, the Laminar Flow Physics Interface and the Heat Transfer in Fluids
Interface are coupled to calculate the flow field and temperature dis-
tribution by solving the Navier-Stokes equation, the continuity equation,
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(c) 1y = 120 um

Fig. 12. Top view of target cylinder at the steady state for different ry values (r = 3500 pm).
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Fig. 13. Relationship between ry and r; at the steady state for all tested
ro values.

and the energy conservation equation. In this step, the flow velocity
v and temperature distribution T are determined. Then, the Particle
Tracing for Fluid Flow Interface is used to calculate the thermophoretic
force, the drag force, the lift force, the Brownian force and the buoyancy
force acting on nanoparticles, and to determine the velocity and
displacement of nanoparticles.

4. Model verifications and sensitivity to microchamber height
4.1. Verifications of model

In the first case study, extracellular vesicles (EVs) enrichment is
simulated to determine the correctness of our thermophoresis model by
comparing the results with those published in Liu et al. [10]. A ther-
mophoretic aptasensor (TAS) is used to enrich EVs accumulated in the
middle area on the bottom of the chamber after 10 min of laser irradi-
ation. The mechanism of accumulation of EVs results from the interac-
tion of thermophoresis and convection generated by localized laser
heating. The radius of the laser focused spot is rp = 80 pm and the
attenuation length of laser 4 in water is 400 pm. The microchamber
dimensions given by Liu et al. are L =7 mm, and H = 240 pm, which is
sandwiched by a 1mm thick glass top slide and a 1mm thick sapphire
bottom slide. The EVs have d, = 100 nm, c=10"7 pL, Sy = — 0.03 K™!
and D = 4.4 x 107'2m2s~! . PS nanoparticles, each with a diameter of

100 nm, are used to represent EVs. The no slip boundary condition is
employed at all walls in calculating the particle trajectories. The initial
temperature is defined to be 25°C for the entire computational domain.

The coupled solutions of the flow field and heat transfer are first
obtained using the FEM software. By trial and error, sufficient mesh
resolution is guaranteed for attaining numerical convergence. Fig. 2 il-
lustrates the temperature field ranging from 25°C to 57°C on the x-z
plane. Laser irradiation heats up the middle part of the microchamber,
and a cold region is formed on the chamber bottom beneath the heated
core. Owing to the different heat capacities among water, glass and
sapphire, the heated core takes up a complexed shape. Fig. 3 shows the
velocity field with the magnitude ranging from 0 to 60 pm/s. A toroidal
convection vortex is formed, which draws the near-bottom fluid to
converge to the centre of the microchamber bottom and pushes the near-
top fluid away from the centre of the microchamber. After obtaining the
flow field and temperature distribution, the particle tracing module is
used to calculate the accumulation process of the PS nanoparticles to the
cold bottom region below the heating spot owing to the thermophoretic
effect. As displayed in Fig. 4, a target cylinder centred at the final po-
sitions of nanoparticles is set up to facilitate analyses of nanoparticle
accumulation. The target cylinder’s diameter is 100 pm, and its height is
5 pm. When a particle moves into the target cylinder, it is regarded to
have arrived at its designated position. Fig. 5 shows the 3D visualisations
of the nanoparticle distributions at the beginning and at the end of the
simulation. The middle section of the computational domain, with a
radius of 1000 pm and height of 240 pm, is shown for effective visual-
isation. Nanoparticles on the left-hand side of Fig. 5, are randomly
distributed in the chamber at 0 s. On the right-hand side of Fig. 5, after
heating for 10 mins, nanoparticles have all entered the target cylinder at
the centre of the chamber bottom and reached a steady state. The
nanoparticles in the target cylinder are enriched from 1-fold to 1,400-
fold. Because of the little difference between p and p,, the resultant
gravity and buoyancy forces are negligible compared to other forces.
The influences of the thermophoretic forces and the drag forces are
much more significant than other forces, so the nanoparticle movement
is governed by the temperature gradient-induced thermophoresis and
thermal convection. Overall, our simulation is in good agreement with
both the numerical and the experimental results reported in the
literature.

4.2. Sensitivity to microchamber height

The enrichment behaviour can be influenced by the microchamber
height due to the changes in temperature distribution and thermal
convection. To study this influence, the chamber height is varied in a
range from 80 to 320 um in the simulation, and the target cylinder re-
mains the same as in Section 4.1. The percentage of particles moving in
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Fig. 14. Percentages of 100nm particles arriving at designated positions.

the target cylinder at a steady state is designated to be p*. If more than
99.5 % of particles move into the target cylinder at the steady state, then
it is defined as an effective enrichment. A total of 20 heights are tested,
but only three are illustrated in Fig. 6 to highlight the changes, i.e. H =
80 pm, H = 240 pm and H = 320 pm. Fig. 6 (a—c) zooms in the target
cylinder from the top, where the red circle represents the target cylinder
boundary. When the height is 80 pm, nanoparticles remain randomly
distributed in the microchamber, with only about 10 % of particles
moving into the target cylinder. As the height of the microchamber in-
creases, more particles move towards the target cylinder. When the
height is equal to 238 pm, about 99.5 % of the particles move into the
target cylinder, indicating an effective enrichment. Such good perfor-
mance is kept until the height of 262 pm. Fewer particles move into the

target cylinder and nanoparticles are dispersed over a larger region
when the height gradually increases from 262 pm to 320 pm. Fig. 7
demonstrates the variations of the percentage of particles arriving at the
targeted cylinder with time for representative chamber heights at a 40
pm interval. Fig. 8 shows how the final percentage of particles arriving at
the target cylinder varies with all the channel heights, which indicates
the optimum height range is between 238 pm and 262 pm. The chamber
height H = 240 pm used in the literature lies in this range.

The mechanism behind the accumulation performance can be
attributed to the competition between thermophoresis and thermal
convection effects. Fig. 9 shows the temperature gradients (blue) and the
convection flow speeds (orange) at a level 5 pm above the centre of the
bottom of the microchamber. When the height is less than 160 pm, due
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to the increase of both the temperature gradient and convection speed,
the accumulation performance is gradually improved. When the height
is between 160 pm and 262 pm, the magnitude of the temperature
gradient is almost stabilised. Reasonable strength of the natural con-
vection is necessary for transporting particles to the centre of the
chamber’s bottom boundary, just below the heated core, therefore
facilitating the accumulation of particles. When the height exceeds 262
pm, the thermophoretic force gradually decreases while the drag force
keeps increasing. The weakened temperature gradient leads to a smaller
thermophoretic force, which will have difficulty to push downward the
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upwelling of the nanoparticles due to the convective current, resulting in
a reduction of the thermophoretic efficiency.

5. Parametric studies
5.1. Influence of laser spot radius

This section uses the validated model to study the influence of the
spot radius of the laser (ry) on the thermophoretic accumulation of
nanoparticles. A total of 15 radii are tested, ranging from 10 pm to
120 pm. The particle diameter is fixed at 100 nm. The tested radii of the
microchamber (r) are 1000 pm, 2000 pm, and 3500 pm. To facilitate
analyses in the calculation of nanoparticle accumulation, the target
cylinder is set up that is just big enough to include all the particles at the
steady state in each test. The time taken by the nanoparticles to reach the
steady state is defined as 4.

Fig. 10 illustrates the temperature fields of four representative ry.
The width of the heat core decreases with the decrease of ry from 120 pm
to 40 pm. Fig. 11 demonstrates how the maximum temperature (T*)
increases from 39.8 °C to 397 °C when ry decreases from 120 pm to
10 pm, which is attributed to the increase in laser power density. When
ro < 40 pm, the maximum temperature is more than 100 °C, therefore
the liquid will boil and should not be considered here. When ry > 40 pm,
nanoparticles can accumulate toward the centre of the chamber bottom.
Fig. 12(a—c) show the close-up around the target cylinder from the top,
where the orange circle, red circle and blue circle represent the target
cylinders with radii of 50 pm, 100 pm and 150 pm, respectively. The
nanoparticles are much more concentrated when ro = 40 pm, but they
become more dispersed with the increase in ry. As presented in Fig. 13,
the radius of the target cylinder (r;) is approximately 1.25 times r, for all
tested cases. These results indicate that the final position of particles can
be controlled by ry. Fig. 14 (a—c) show the variation in the percentage of
nanoparticles arriving at designated positions for all tested ry with three
different chamber sizes r = 1000 pm, 2000 pm, and 3500 pm. Fig. 15
presents the time taken by all the nanoparticles to reach the target
cylinder in three different-sized chambers r = 1000 pm, 2000 pm,

and 3500 pm. For each ry, t; reduces with r, because at larger r corre-

sponds to a more extensive distribution of nanoparticles at t = 0. The
value of t; depends on the thermophoretic strength and the size of the
target cylinder. When ry = 40 pm, the thermophoretic process is strong
and the nanoparticles move at a large speed. When r increases from 40
pm to 80 pm, the thermophoretic force decreases rapidly, corresponding
to the reduced temperature gradient, therefore the particle accumula-
tion velocity reduces. Although the travelling distance of the particle is
shortened due to the enlarged size of the target cylinder, t; still increases
as the particle velocity is reduced at a greater rate. When ry increases
from 80 pm to 120 pm, the particle velocity slightly reduces as T* de-
creases gradually. However, the travelling distance of the particle is
continuously shortened with the enlarged size of the target cylinder,
resulting in a decrease of t;. Based on the above argument, the optimum
ro can be determined based on the maximum temperature tolerance of
the live particles and the required concentration area.

5.2. Influence of light attenuation length in liquid

This section investigates the influence of the attenuation length of
the laser in fluid on the thermophoretic accumulation of the nano-
particles. The tested attenuation length of the laser in fluid (1) ranges
from 50 pm to 500 pm, the particle diameter is fixed at 100 nm, and the
tested radius of the microchamber (r) is 3500 pm. The target cylinder is
specified to be 100 pm in diameter and 5 pm in height, which has the
same dimensions as the experiment in Liu et al. [10]. In this study, we
regard the enrichment to be effective if more than 99.5 % of particles
move into the target cylinder.

As seen in Fig. 16, the temperature fields with four different A are
chosen, from a total of seven tests, to demonstrate the influence of the
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Fig. 17. Top view of target cylinder at the steady state for different A values.
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attenuation length. When 4 decreases from 500 pm to 50 pm, the gap
between the heating core and the bottom of the chamber gradually in-
creases. In all the tests, nanoparticles can accumulate towards the centre
of the cold chamber bottom and reach a steady state. Fig. 17 (a-h) zoom
in around the target cylinder in a plan view, where the red circle rep-
resents the target cylinder boundary. It is found that the particles
become more concentrated when 1 is increased from 50 pm to 500 pm.
Fig. 18 shows the variation of the percentage of nanoparticles arriving at
designated positions with time. The results show that the value of A
correlates positively to the time taken by nanoparticles to arrive at their
final positions. With the increase of 1, the gap between the heating core
and the chamber bottom decreases, strengthening the thermophoretic
effect near the bottom of the chamber and therefore reducing the area of
the final nanoparticle distribution. The reduced accumulation area leads
to longer travelling distances of particles from the initial to final posi-
tions, resulting in an increase in accumulation time. Fig. 19 shows that
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Fig. 19. Final percentages of particles in the target cylinder for all tested
A values.
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Fig. 20. Time of the nanoparticles reaching the final positions for all tested
A values.

p® increases with 4, and the effective enrichment is achieved when 2 is
greater than 250 pm. As shown in Fig. 20, t; continuously increases from
approximately 362 s to 620 s when 1 increases from 50 pm to 500 pm.
This indicates that there is an optimum 4 between 250 pm and 300 pm,
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which can achieve effective enrichment with minimum ¢t;. Compared to
the value of 1 =400 pm used in the literature, the optimum 4 could
reduce the accumulation time of nanoparticles by about 6 %.

5.3. Influence of particle size

This section determines the influence of the particle size on the
motion of suspended particles. A total of 14 sizes of polystyrene particles
are examined, with the diameter ranging from 20 nm to 1000 nm. The
target cylinder, t;, p* and optimum enrichment are defined to be the
same as those in Section 5.2. The tested radius of the microchamber is
3500 pm. Fig. 21 demonstrates the variation of the percentage of par-
ticles reaching the target cylinder with time. It shows that the critical
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particle radius is about 28 nm with the current setup. For particles
whose d,, are less than the threshold value, the thermophoretic effect is
small and their movements are dominated by thermal convection. Some
particles slowly circulate within the streaming vortices, but they cannot
rest in the target cylinder, therefore effective enrichment cannot be
achieved. When d,, exceeds the threshold size, the movement of particles
is mainly governed by the thermophoretic force. Particles are increas-
ingly concentrated in the target cylinder, and eventually achieve effec-
tive enrichment. The speed of the particle accumulation is clearly seen to
correlate positively with the particle size.

5.4. Influence of laser power

Using the validated model, this section studies the influence of the
laser power (Qo) on the enrichment of the nanoparticles. The tested Qg
ranges from 194 mW to 248 mW, and the test is conducted at intervals
of 6 mW. With the increase of Qo, the maximum temperature increases
from 57 °C to 66°C. The tested nanoparticle diameters range from 50 nm
to 1000 nm, and the target cylinder, t;, and the optimum enrichment
criterion are defined in the same way as those in Section 5.2. Fig. 22
demonstrates the arrival time required for effective enrichment of all the
tested powers. For all the tested particle sizes, with the increase of laser
power, the arrival time of all the tested nanoparticles gradually reduced.
For example, with the increase of laser power by 54 mW, consequently
increasing the temperature by 9°C, the arrival time of nanoparticles is
reduced by approximately 60 s. This is because the thermophoretic force
exerted on the particles is proportional to the temperature gradient. The
larger the laser power, the larger the temperature gradient, and thus the
larger the accumulating velocity.

6. Conclusions

A FEM model has been established to study the thermophoretic
accumulation of nanoparticles. An IR laser is used to generate the tem-
perature gradient within the fluid/particle mixture in a microchamber,
which is sandwiched by a glass top and a sapphire bottom. The motion of
the particles is determined by the thermophoretic force, induced by
temperature gradient, and the drag and lift forces, induced by thermal
convection. The model is verified against an experiment reported in the
literature. It is found that the optimum microchamber height ranges
from 238 pm to 262 um. The microchamber height used in the past
experiment is within this optimum height range.

The numerical model is first used to study the influence of the laser
spot radius (rp). For different microchamber radii, the radius of the
accumulation zone, which encompasses all the particles at the steady
state, is approximately 1.25 times the spot radius of the laser beam. The
time taken by the nanoparticles to reach the steady state (t;) increases
with the microchamber radius. When ry increases from 40 nm to 80 nm,
ty increases with ry. After reaching the peak value at 80 nm, it decreases
with a further increase of ro from 80 nm to 120 nm.

The influence of the attenuation length of laser (1) is then investi-
gated. The results show that the particles at the final designated posi-
tions become more concentrated when A increases. Effective enrichment,
corresponding to more than 99.5 % of particles moving into the target
cylinder, is achieved when 4 is greater than 250 pm. It is also found that
t; increases with the increase of A. The optimum value of 1 is between
250 pm and 300 pm with current setup.

The influence of the nanoparticle size on the particle enrichment is
then studied. With the current setup, the threshold diameter is found to
be 28 nm. The speed of the particle enrichment increases with the
particle size. Moreover, the influence of the laser power on the enrich-
ment of nanoparticles is also studied. As expected, an increase of laser
power reduces the time taken by the nanoparticles to reach the steady
state.
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