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ABSTRACT

Particle deposition poses a significant challenge in the application of nanofluids within microchannels. This study provides an

angle- and radius-resolved numerical analysis of nanoparticle deposition in bent microchannels and clarifies how microchannel

geometry regulates deposition through curvature-induced acceleration, secondary flow, and particle-wall encounter mechanisms.
The results demonstrate that the particle deposition number per unit area decreases from 28.612 to 8.941 as the bending angle
increases from 30° to 120°. Furthermore, particle deposition per unit area decreases from 11.922 to 4.769 as the bending radius
increases from 0.2 mm to 0.4 mm. The inlet and curved segments exhibit significantly higher particle deposition than the other

segments. Specifically, deposition in the inlet segment is approximately 10 times higher than that in the other segments, while

deposition in the curved segment is approximately three times higher. The Reynolds number and Dean number are identified as

critical parameters for linking primary flow, curvature-induced secondary vortices, and deposition risk. These findings provide

quantitative insights and a mechanistic framework for the rational design and optimization of nanofluid microchannel cooling

systems.

1 | Introduction

Modern thermal management solutions increasingly incorpo-
rate microchannel cooling systems, particularly in applications
with high heat flux, such as electronics, lasers, and aircraft
components [1]. These systems employ microchannels with
submillimetre widths (typically less than 1mm) to circulate
coolant in close proximity to heat sources, thereby enabling
efficient heat removal. The enhanced performance primarily
arises from the high surface-to-volume ratio of microchannels,
which significantly improves convective heat transfer [2]. The
development of nanofluids, engineered colloidal suspensions of

nanoparticles in base fluids, has further advanced microchannel
cooling technologies [3]. Nanoparticles are typically composed
of metals or metal oxides and possess thermal conductivities
significantly higher than that of the base fluid. As a result, they
can markedly enhance both the thermal conductivity and con-
vective heat transfer coefficient of nanofluids [4]. In addition, the
presence of nanoparticles disrupts the thermal boundary layer,
thereby further improving heat transfer efficiency [5].

Despite these advantages, the application of nanofluids intro-
duces a critical challenge: nanoparticle deposition within
microchannels [6]. Deposition, defined as the accumulation of

Abbreviations: CFD, computational fluid dynamics; DPM, discrete phase model.
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particles on solid surfaces, represents a major bottleneck in the
design and operation of nanofluid-based microchannel systems.
Due to the confined geometry, nanoparticles are more likely to
interact with channel walls, promoting deposition. Over time,
such accumulation can result in channel blockage, reduced flow
rates, and degradation of thermal performance [7]. Fouling is a
tricky problem to solve. Fouling layers cause local constrictions
that affect flow velocity and increase pressure drop. There may
be maldistributions or even completely blocked microchannels
in multichannel apparatuses, such as heat exchangers. Because
of this phenomenon, all related industries suffer high financial
losses as a result of increased costs associated with design,
transportation, installation, and maintenance. For example, heat
exchangers are oversized by 30% in order to prevent clogging
[8]. Aside from requiring a high capital investment, this is also
unfriendly to the environment due to the additional refrigerant
charge. Even though fouling has been considered a major obsta-
cle to the implementation of micro-devices, there are few meth-
ods available for its solution [9, 10]. Therefore, understanding and
mitigating deposition behavior is essential to ensure long-term
system reliability while fully exploiting the benefits of nanofluids.

Nanoparticle deposition in nanofluid-microchannel systems can
be mitigated through optimization of microchannel geometry.
While extensive efforts have been devoted to understanding
thermophysical properties and transport mechanisms, the role
of microchannel geometry in nanoparticle deposition remains
comparatively underexplored [11]. Geometry not only dictates
heat transfer performance through channel dimensions and
layout, but also governs internal flow structures, which directly
influence nanoparticle transport and deposition behavior. This
interplay is crucial for mitigating fouling and maintaining
long-term efficiency. For instance, geometric features such as
curvature can induce secondary flows (e.g., Dean vortices),
enhancing particle mixing and heat transfer, albeit often at the
cost of increased pressure drop [12]. Kim et al. [13] developed a
critical shear stress threshold model to predict clogging, showing
that deposition occurs progressively and can ultimately lead to
blockage. In addition, Li and Ahmadi [14] established widely
accepted theoretical models for particle dispersion and depo-
sition in turbulent microchannel flows, while Williams et al.
[15] reported a nonlinear relationship between nanoparticle
concentration and heat transfer enhancement, with optimal
performance observed at intermediate concentrations.

Although these studies have identified key governing param-
eters of particle deposition such as fluid velocity, channel
dimensions, particle size, and fluid properties, real systems
involving bend and elbow sections are more complex [16]. In
particular, nonlinear and angular microchannel configurations
introduce complex flow patterns that alter velocity distributions,
pressure gradients, and wall shear stresses, thereby signifi-
cantly affecting nanoparticle transport and deposition [17].
However, the underlying mechanisms and thermal implica-
tions associated with these geometries remain insufficiently
understood. Systematic investigations are therefore required to
quantify the influence of geometric parameters on nanoparti-
cle deposition, such as channel angle, curvature, and surface
characteristics. A thorough understanding of these interactions
is crucial for optimizing microchannel design and minimizing
particle deposition.

Currently, the majority of studies have investigated parti-
cle deposition within straight or 90° bend channels, and
have predominantly considered larger particles in macroscale
systems. In contrast, investigations of nanoparticle transport in
microchannels with varying geometrical configurations remain
scarce. To address this gap, this article provides a systematic anal-
ysis of the influence of bend angles on particle deposition, along-
side comparisons of nanoparticle flow at different curvature radii.
A Discrete Phase Model (DPM) is employed to capture particle
dynamics and deposition behavior under different geometric con-
ditions. Furthermore, strategies for enhancing nanofluid stability
and mitigating particle deposition are explored, with the aim of
informing the design of more efficient and reliable microchannel
cooling systems.

The remainder of this paper is organized as follows.
Section 2 describes the microchannel geometries, governing
particle-transport model, simulation assumptions, boundary
conditions, DPM settings, grid sensitivity test, and validation
strategy. Section 3 presents the effects of bending angle and cur-
vature radius on velocity distribution, secondary flow, particle
trajectories, deposition locations, and dimensionless deposition
interpretation. Section 4 summarizes the principal findings,
limitations, and implications for microchannel cooling design.

2 | Numerical Methods

As opposed to conventional thermofluids, nanofluids contain
suspended metallic and nonmetallic particles at the nanoscale.
In nanofluids, nanoparticles are dispersed in a base solution
through physical or chemical methods typically at volume con-
centrations below 10% [18]. The discrete phase model (DPM)
is the most appropriate simulation method for nanofluids. Par-
ticle deposition is commonly studied using a DPM [19]. The
methodology adopted in this study is critical for understanding
how angular variations and flow velocity influence nanoparticle
deposition in microchannels. The systematic approach applied
to ANSYS Fluent 2020 R2 simulations ensures an accurate
and relevant investigation of these factors. The process encom-
passes microchannel geometry, fluid properties, flow conditions,
physical models, and simulation parameters. The specific DPM
methodology has already been discussed in our previous work,
so only a brief description is provided here [20, 21].

21 | Geometry

As illustrated in Figure 1, a three-dimensional microchannel
model was constructed with a width of 0.2 mm and a height of
0.067 mm. The geometry of the microchannels included varia-
tions in both bending angles and bending radii. The bending
angles tested were 30°, 60°, 90°, 120° and 150°, and the bending
radii were 0.1, 0.2, 0.3, 0.4, and 0.5 mm.

2.2 | Flow Field and Particle Transport
Simulation

In the DPM, fluid phase is considered the continuous phase
that is governed by mass continuity, momentum, and energy
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FIGURE1 | Geometric dimensional diagram of the microchannel. [Colour figure can be viewed at wileyonlinelibrary.com]

equations, whereas the nanoparticle trajectory is calculated using
.
Newton’s Second Law, taking into account Brownian motion Fy,
— — —
thermophoretic force Fy, gravity Fg, virtual mass force Fy, drag

— X — X —
force Fp, pressure gradient force Fp, and Saffman’s lift force Fj,
[22]:

N
dug

— — — — — — —
E=FB+FT+FG+FV+FD+FP+FL 1)

my,

where m,, is the particle mass; and uy, is the particle velocity.

The amplitude of Brownian motion can be expressed as [14, 23]:

PAY
Fy = mg\ < @

where ¢, is the Gaussian white noise function with a zero-mean
value; At is the time step; and .S, is a spectral intensity.

The thermophoretic force is formulated as [24]:
= vT
FT . —DTT (3)

where VT is the temperature difference; and Dy is the ther-
mophoretic diffusion coefficient.

The gravitational force component is calculated by

- g(pp—n)
Fo=m S22 @
Pp
The virtual mass force is calculated as [22]:
du
= P >u= p
Fy = Cvmmpp_p (uqu - E) ®)
The friction of the fluid can be determined by [25]:
i—u
- —
Fy = my— b (6)

where z, is the nanoparticle relaxation time.

The pressure gradient force is shown by [22]:
u, Vi (7
The expression for Saffman’s lift force is given by [14, 26]:

1
— 2K vz pdy;

F, =m, (17 - u_)p) €))
ppdy (dyedyy)

e

where K is the Saffman number that is taken as K = 2.594; and d;
is the deformation tensor.

2.3 | Simulation Assumptions
In order to improve the precision and efficiency of the calculation,
the following assumptions were made:

1. Nanofluid flow is three-dimensional, steady and incom-
pressible.

2. Nanoparticles are smooth and spherical.

3. Brownian motion, thermophoretic force, gravity, vir-
tual mass force, drag force, pressure-gradient force, and
Saffman’s lift force were included in the particle force
balance, as described in Section 2.2. Particle-particle inter-
actions were neglected because of the dilute nanoparticle
volume fraction (< 5%).

4. The nanoparticle distribution is uniform in the inlet.

5. Particle-wall interaction was represented using a trap
boundary condition, so a particle was counted as
deposited once it contacted a wall. Rebound, resuspen-
sion, adhesion-energy variation, and agglomeration after
wall contact were not resolved explicitly.

6. The microchannel walls were assumed to be hydrauli-
cally smooth. Surface roughness was not included in the
present model; its possible influence on near-wall collision
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frequency and deposition is discussed as a limitation of
the study.

2.4 | Boundary Conditions

In the simulation, the Al,O5-water nanofluid with a nanoparticle
concentration ¢ = 1% was selected as the working fluid, and its
thermophysical properties are summarized in Table 1. Al,O,
was selected because it is inexpensive, chemically stable, and
widely used in nanofluid heat-transfer studies. A uniform inlet
velocity of 0.5 m/s was prescribed, corresponding to a Reynolds
number of 53.55 at 300 K. The nanoparticle concentration was
also assumed to be uniform at the inlet, consistent with the
dilute and well-dispersed inlet condition in Section 2.3. The
outlet was modeled as a pressure-outlet. A constant heat flux of
50 kW/m? was applied to the top and bottom walls to represent
a high-heat-flux microchannel cooling condition relevant to
compact electronics and thermal management applications. The
side walls were treated as adiabatic, and no-slip conditions were
imposed on all walls.

2.5 | DPM Settings

To accurately capture nanoparticle deposition on the walls, the
mesh was refined near the wall boundaries. The wall bound-
ary condition was defined as a trap condition, meaning that
any particle contacting the wall was considered deposited. This
treatment is appropriate for evaluating relative deposition ten-
dencies among different geometries because the present study
focuses on the first particle-wall encounter and geometric control
of deposition risk. The assumption is conservative, since rebound,
resuspension, and surface-energy-dependent adhesion were not
explicitly resolved. The dimensionless wall distance (y+) was
maintained below 1 to resolve the viscous sublayer and near-wall
velocity gradient, which are critical for predicting particle tra-
jectories close to the wall and particle-wall encounter probabil-
ity. Additionally, mesh density was increased near the inlet to
resolve steep gradients in that region. The SIMPLE algorithm was
employed with a pressure-based solver to couple pressure and
velocity fields. The diffusion and convective terms in the trans-
port equations were discretized using a second-order central dif-
ference scheme. Convergence was achieved with residuals fell
below 1076,

2.6 | Grid Sensitivity Tests and Verification

In order to avoid inconsistencies in the simulation results and
save computing time, a grid sensitivity test was performed. The
grid sensitivity test was conducted by analyzing the velocity field,
temperature field, and nanoparticle deposition rate. By varying

TABLE1 | Specific thermophysical properties [27].
p (kg/m®) c(J/kgK) k(W/mK) u(kg/ms)

the width, height, and length of the grid distributions, a grid
sensitivity test was conducted to ensure that the model reached
a grid-independent solution. Consequently, five grid combina-
tions were used: 15x 50x 1200, 20 X 65X 1200, 25x 75 x 1200,
25x% 75 %1500, and 25 x 75 x 1800. Taking the above three aspects
into account comprehensively, the grid 25x75x1200 (giving
the total number of mesh nodes 2,373,176) is deemed to be
sufficient for the simulation, considering both accuracy and
computational cost.

After the grid resolution was successfully tested, simulation val-
idation was performed based on the flow field and nanoparticle
deposition. The particle deposition model was replicated and val-
idated against the benchmark results of Gormley and Kennedy
[28] and Shi et al. [29], as shown in Figure 2, because these stud-
ies provide established reference solutions or numerical data for
particle transport, Brownian diffusion, and deposition in con-
fined tube-like flows. The purpose of this validation was to verify
the DPM implementation and deposition-rate prediction rather
than to reproduce the exact bent-microchannel geometry con-
sidered in the present work. The maximum relative error is only
0.15%, which is due to the Gaussian white noise (random signal)
that is used to calculate the Brownian motion. Despite this, the
trend remains unchanged, and the difference is also insignificant.
Details can be found in our previous articles, and we have proven
the model in the past [20, 21]. The model can be readily extended
to account for a variety of conditions, such as different particle
properties, base fluid properties, and volume fractions.

3 | Results and Discussion

This study systematically examines the effects of geomet-
ric parameters, particularly the bending angle and curvature
radius, on the deposition behavior of nanoparticles within
microchannels. The spatial distribution and deposition pat-
terns of nanoparticles are analyzed to elucidate their transport
and settling characteristics. These findings contribute to opti-
mize microchannel design and enhance the understanding of
nanoparticle dynamics in confined fluidic systems.
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3.1 | Impactof Bending Angles on Nanoparticle
Deposition

Nanoparticle deposition in microchannel cooling systems is
affected by bend angle, flow rate, particle size, and nanofluid
concentration. To isolate the geometric effect, only the channel
bending angle was varied in this part of the study, while all other
parameters were held constant. As shown in Figure 3, different
bending angles lead to different particle deposition rates per unit
area. Normalization by unit area is necessary because the surface
area of the microchannel varies with bending angle. The results

= 40
o
= I
=
z
= 30 F 28.612
)
=
= I
=
s
=] 20 B
=
S \\
x i N
g .
TN 34l
QJ
2 L
k]
- -
0
30° 60° 120°
Bending angle
FIGURE3 | Variation of particle deposition with bending angle.

[Colour figure can be viewed at wileyonlinelibrary.com]

show that smaller bending angles are associated with higher par-
ticle deposition. As the channel bending angle increases from
30° to 120°, particle deposition per unit area decreases from
28.612 to 8.941. To investigate the underlying mechanism, the
velocity contours within the microchannel were examined. For
the bending-angle cases, the inlet velocity, hydraulic diameter,
fluid properties, and curvature radius were kept constant. There-
fore, the Reynolds number and Dean number remain unchanged
among these cases. The bending angle does not directly change
the instantaneous curvature strength represented by the Dean
number; instead, it changes the streamwise length over which
curvature-induced secondary flow develops and persists.

Figure 4 presents longitudinal cross-sectional velocity contour
plots for bending angles of 30°, 60°, 90°, 120°, and 150°. The
velocity contours reveal distinct low-, medium-, and high-velocity
zones within the microchannel: green regions near the walls indi-
cate low velocity, yellow regions indicate intermediate velocity,
and red regions indicate high velocity. The bend produces cen-
trifugal acceleration, creating a transverse pressure gradient and
curvature-induced secondary motion. These effects change both
the magnitude and direction of nanoparticle motion and increase
the probability of particle-wall encounter in deposition-prone
regions. However, deposition is not controlled only by the local
maximum velocity. The streamwise extent of the high-velocity
region, near-wall residence time, secondary-flow direction, and
the position of the velocity core together determine whether par-
ticles are driven toward the wall or transported through the chan-
nel core. Therefore, the decrease in deposition at larger angles
can be interpreted as the result of reduced downstream accelera-
tion length and a redistribution of the high-velocity region, even
though localized high-velocity zones become more pronounced
near the bend. Changing the bending angle modifies the spatial
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Velocity contours along the longitudinal cross-section of microchannels at varying bending angles: (a) 30°, (b) 60°, (c) 90°, (d) 120°, and
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extent and downstream persistence of the high-velocity region
rather than the Dean number itself. Smaller bending angles pro-
duce a longer downstream acceleration region, increasing the
distance over which particles experience curvature-induced sec-
ondary motion and near-wall migration. In contrast, at larger
bending angles, such as 120° and 150°, the high-velocity region
becomes more localized near the bend, reducing the down-
stream residence distance of particles under curvature-induced
secondary flow. This explains why particle deposition decreases
at larger bending angles even though localized high-velocity
zones can still be observed near the bend.

A transverse cross-section velocity contour plot within the
microchannel is shown in Figure 5. Five cross-sections were
selected at the prebend, intrabend, and postbend locations, with
extraction positions indicated by markers in Figure 4. Before
the bend, the velocity contour is nearly symmetric and parti-
cle trajectories are mainly governed by the primary axial flow.
As the fluid passes through the bend, centrifugal force induces
secondary vortices that redistribute momentum across the chan-
nel cross-section. These secondary flows can sweep suspended
particles toward the inner or outer wall, depending on the local
vortex structure and pressure-gradient direction. After the bend,
the high-velocity region shifts toward the outer wall, increasing
particle-wall collision probability in the post-bend region. The
variation of secondary vortex strength with bending angle there-
fore provides the physical link between the geometry-controlled
velocity field and the observed deposition trend.

In a straight microchannel, the cross-sectional velocity profile is
expected to be parabolic, with lower velocities near the walls and
higher velocities near the center. Such a profile tends to reduce
particle-wall interactions when particles remain in the core flow.
In bent microchannels, the deposition rate is not a simple additive

function of individual channel segments because curvature
changes the local balance among inertial transport, near-wall
shear, Brownian diffusion, and secondary-flow-induced trans-
verse migration. Sharply bent regions can promote secondary
vortices and local flow separation, enhancing the transport of
nanoparticles toward the wall. Conversely, when the connected
flow remains coherent and sufficiently fast, shear forces and
core-flow transport can help keep particles suspended and reduce
deposition. These mechanisms explain why the maximum veloc-
ity alone cannot predict deposition: the spatial distribution and
duration of high-velocity and secondary-flow regions must also
be considered.

L 11.922

10 - 8.941
769
| ‘lll

0.3mm

Particle deposition number per unit area

0.2mm 0.4mm
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FIGURE 6 | Variation of particle deposition with bending radius.

[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURES5 | Velocity contours across the transverse cross-section of microchannels at varying angles. [Colour figure can be viewed at
wileyonlinelibrary.com]
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3.2 | Effect of Bending Radii on Particle
Deposition

In addition to bending angle, bending radius also influences
particle deposition. Figure 6 presents a quantitative analysis of
particle deposition per unit area in microchannels with varying
curvature radii. Because the surface area of the curved section
changes with radius, the particle deposition number is normal-
ized by unit area to enable valid comparisons. At a bending
angle of 90°, particle deposition per unit area decreases from
11.922 to 4.769 as the bending radius increases from 0.2 mm
to 0.4 mm. This indicates that smaller curvature radii are more
susceptible to particle deposition under the same bending angle.
Mechanistically, a smaller radius strengthens curvature effects
and centrifugal acceleration, which intensifies secondary flow
and shifts high-velocity regions closer to the wall. As the radius
increases, curvature-induced disturbance becomes weaker, the
velocity core moves toward the channel center, and fewer parti-
cles are transported into near-wall collision zones. The velocity
field is therefore examined to clarify how the radius controls
particle trajectories and deposition.

Figure 7 illustrates longitudinal cross-sectional velocity contour
plots of nanofluids in microchannels with curvature radii of 0.1,
0.2, 0.3, 0.4, and 0.5 mm. As the radius increases, the color in the
bend region shifts from red to orange, indicating a decrease in
the maximum velocity. The high-velocity zones also become thin-
ner with increasing radius, suggesting weaker curvature-induced
acceleration. As shown in Figure 8, transverse cross-sectional

velocity contours exhibit a transition from wall-dominated flow
to a more core-dominated flow: from inlet to outlet (Cj,-Cy,)s
the high-velocity region shifts away from the wall and toward the
channel center. This transition reduces near-wall particle-wall
encounters and helps keep particles suspended in the core flow,
thereby lowering deposition. From a thermal-management per-
spective, radius selection should therefore be optimized jointly
with heat transfer and hydraulic constraints. A larger radius
may reduce deposition and wall-temperature nonuniformity,
whereas excessive radius may compromise compactness; the
local heat-transfer coefficient, thermal resistance, pressure drop,
and wall temperature distribution should be quantified in future
multiobjective design work.

3.3 | Nanoparticle Deposition Locations

Figure 9 illustrates the distribution of nanoparticle deposi-
tion counts across distinct segments of the microchannel. The
microchannel is divided into seven segments, with deposition
data quantified individually for each segment. To compare depo-
sition tendencies among segments with different surface areas,
deposition is normalized per unit area. The results show that the
inlet region has the highest number of deposited nanoparticles
compared with the other segments. Although the bent segment
contains fewer total particles than the inlet segment, its smaller
surface area amplifies the deposition density after normaliza-
tion. This finding highlights a pronounced tendency for particle
deposition to occur in curved segments. Based on the calculated
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R=0.3mm, (d) R=0.4mm, and (e) R=0.5 mm. [Colour figure can be viewed at wileyonlinelibrary.com]
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e} ence deposition locations within microchannels. In practical
= e design, inlet and bend regions should therefore be treated as pri-
= ority zones for deposition mitigation, such as through inlet-flow
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FIGUREY9 | Particle deposition number in each segment of the
microchannel. [Colour figure can be viewed at wileyonlinelibrary.com]

deposition density values, the inlet and curved segments exhibit
higher deposition density than the other segments.

Across all simulation segments, the majority of deposition occur
at the inlet. This can be attributed to the inlet effect: upon
entering the microchannel, the nanofluid experiences rapid
hydrodynamic adjustment, producing immediate interactions
between nanoparticles and the channel surface. The initial accel-
eration and developing near-wall flow increase the frequency
of particle-wall collisions. Increased particle deposition in the
curved segment is caused by the change in flow direction

systematically investigates the effects of geometric parameters,
specifically bending angle and curvature radius, on nanoparti-
cle deposition behavior in microchannels. Geometric optimiza-
tion plays a critical role in controlling nanoparticle transport and
deposition, and accurate correlations are essential for predict-
ing nanoparticle behavior under various flow conditions and for
guiding microchannel design.

Nanoparticle deposition in bent microchannels is primarily gov-
erned by the Reynolds number (Re), the Dean number (De)
and deposition efficiency. Analysis of these parameters enables
the prediction and optimization of deposition patterns, which
is crucial for designing efficient microfluidic systems. Deposi-
tion efficiency is typically quantified by normalizing the mass of
nanoparticles deposited on the channel walls by the total mass of
nanoparticles flowing through the system, with consideration of
the microchannel surface area.
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The Reynolds number is defined as [30]:
_ vah
u

Re

©

where p is the fluid density, kg/m?3; v is the characteristic inlet
velocity, m/s; Dy, is the hydraulic diameter, m; and u is the
dynamic viscosity, N's/m?.

The Dean number represents the relative strength of

curvature-induced secondary flow driven by centrifugal effects,
which can be expressed as [31]:

De = Re

Dy,

10
IR (10)
where R, is the curvature radius of the bend, m.

The deposition rate is used to evaluate the nanoparticle deposi-
tion as [20]: N,
n= x 100% (11)

total

where N, is the number of nanoparticles deposited on the wall;
and N, is the total number of nanoparticles released from the
inlet of the microchannel.

The Reynolds number directly influences the primary flow
structure, while the Dean number characterizes the secondary
vortices induced by channel curvature. A combined Re-De
analysis provides a design-oriented framework for predicting
nanoparticle deposition. For a given coolant, particle size, flow
rate, and microchannel geometry, Re describes the axial trans-
port regime, whereas De indicates the tendency for transverse
secondary motion to drive particles toward the wall. Therefore,
deposition-prone designs can be identified by linking Re, De, and
deposition efficiency over the operating range. This framework
can guide microchannel optimization by balancing deposi-
tion suppression, heat-transfer enhancement, pressure-drop
penalty, and compactness. The present results provide the basis
for such a correlation within the investigated geometry and
Reynolds-number range; broader correlations should be devel-
oped using additional radii, angles, flow rates, particle properties,
and experimental validation. It should be noted that the Dean
number depends on Re, D;, and R, but not directly on the bend-
ing angle. When these parameters are fixed, changing the bend-
ing angle mainly changes the arc length and development dis-
tance of the secondary flow, rather than the Dean number itself.

4 | Conclusion

This study investigated the effects of bending angle and curvature
radius on nanoparticle deposition in microchannels. Through
quantitative deposition analysis and detailed velocity-field char-
acterization, the transport and deposition mechanisms of
nanoparticles were clarified in terms of curvature-induced accel-
eration, secondary flow, and particle-wall encounter probability.
The following conclusions can be drawn from this study:

« The particle deposition number decreases as the microchan-
nel bending angle increases. As the channel bending angle

increases from 30° to 120°, the particle deposition per unit
area decreases from 28.612 to 8.941. This reduction is
attributed not only to changes in local maximum velocity
but also to the shortened downstream acceleration region
and altered secondary-flow structure, which reduce particle
residence and wall-collision probability in deposition-prone
zones.

Particle deposition decreases with increasing microchannel
bending radius. Particle deposition per unit area decreases
from 11.922 to 4.769 as the bending radius increases from
0.2 to 0.4mm. A larger radius weakens curvature-induced
acceleration and shifts the velocity core toward the channel
center, thereby reducing near-wall particle-wall encounters.

» Based on the calculated deposition density values, the
inlet and curved segments exhibit significantly higher par-
ticle deposition than the other segments. These locations
should be prioritized in microchannel anti-fouling design
because they are most sensitive to developing flow, direc-
tional change, and curvature-induced secondary motion.

« The Reynolds number governs the primary flow structure,
while the Dean number quantifies the strength of secondary
vortices induced by curvature. Together, these dimensionless
parameters offer a robust basis for optimizing microchannel
geometry to minimize unwanted deposition while maintain-
ing thermal and hydraulic performance.

Future work should develop Re-De-deposition correlations
using additional operating conditions and experimental
validation. More detailed models should include wall rough-
ness, particle agglomeration, surfactant-stabilized dispersion,
rebound/resuspension, and coupled heat-transfer metrics such
as local heat-transfer coefficient, pressure drop, thermal resis-
tance, and wall-temperature distribution. These extensions
would provide a more complete basis for designing nanofluid
microchannel cooling systems with low deposition risk and high
thermal performance.

Nomenclature

F  External body forces

m Mass

¢, Gaussian white noise function
S, Spectral intensity

T Temperature

v Velocity

Static pressure

Cunningham correction

Kn Knudsen number

d Nanoparticle diameter

D; Thermophoretic diffusion coefficient
Virtual mass factor

Particle relaxation time
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Re, Relative Reynolds number
K  Saffman number

d;  Deformation tensor

N  Deposition particle number
Greeks

P Density

u Dynamic viscosity

v Kinematic viscosity

A Mean free path

] Volume concentration

B Thermal expansion coefficient
T Stress tensor

Subscripts

ref  Reference

Particle

Brownian force
Thermophoretic force
Gravity

Virtual mass force
Drag force

Pressure gradient force

Yo < Q@ 4 W

Saffman’s lift force

Nanofluids
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