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Abstract

Curvilinear microchannels have enabled high throughput sized-based separation and manipulation of microparticles. Real
life applications usually deal with fluid’s non-Newtonian behavior, where particles dynamics are altered compared to New-
tonian mediums. Despite multiple reports on particle manipulation in shear-thinning fluids, no fundamental experimental
investigation has been reported on microparticle focusing behavior inside shear-thickening fluids such as metallic oxide
nanofluids in water (e.g., SiO,-water). These nanofluids pose unique thermal characteristics and exhibit a drastic increase in
viscosity as the shear rate rises in the microchannel. Here, we investigate the particle focusing behavior of co-flows of SiO,
nanofluids inside curved microchannels with various channel widths and radii of curvature. We also report on the effect of
nanofluid concentration, fluid axial velocity, and the particle size on particle migration. We observed a behavioral change
in particle migration in SiO, nanofluids, where the shear-dependent effect could enhance the particle focusing at lower flow
rates. Moreover, the dominance of Dean drag at higher axial velocities would dominate the particle migration and transfer
them towards two focusing peaks close to the sidewalls. A thorough investigation of particle behavior in nanofluids inside
curved microchannels could enable future applications in heat exchangers, solar energy collectors, and nanoplastic detection.
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1 Introduction

Separation, detection, and enrichment of target cells and
microparticles are vital steps in many applications such as
medicine, food and environmental monitoring, and micro-
particle coating (Tsai et al. 2011; Hur et al. 2012). Micro-
fluidic platforms facilitate the accurate sample preparation
at the point of need by integration of detection and analysis
processes (Lee et al. 2015; Jiang et al. 2016). Microfluidic
methods for particle and fluid manipulation are divided into
active and passive techniques. Active methods are usually
tunable in real time but require an external source of energy,
which adds to the complexity and cost (Sivaramakrishnan
et al. 2020). Common active methods such as acoustopho-
resis (Hawkes et al. 2004; Laurell et al. 2007), dielectro-
phoresis (Tornay et al. 2008; Li et al. 2014), and magne-
tophoresis (Peyman et al. 2009; VojtiSek et al. 2010) are
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mainly associated with low working throughput and com-
plex fabrication process or limited to magnetic and magneti-
cally susceptible particles. Passive techniques, on the other
hand, depend on the channel geometry and enable a precise
control over the particle and fluid behavior solely through
the manipulation of the flow induced forces such as inertial,
drag, and elastic forces. Passive microfluidic techniques are
robust, very simple to operate and work at high flow rates
(Zhang et al. 2016).

Inside an inertial medium, microparticles with a block-
age ratio of > 0.07 are under the dominant effect of shear-
induced and wall-induced lift forces (Segré and Silberberg
1961). The blockage ratio (f =a/D,) (Di Carlo 2009) rep-
resents the ratio of particle diameter (a) with respect to the
channel hydraulic diameter (D,,). These dominant inertial
lift forces depend on the particle position in the micro-
channel and the flow Reynolds number (Re=pVD,/u)
(Zhou and Papautsky 2013; Martel and Toner 2014).
Here, fluid density and viscosity are denoted by p and
u, respectively; and V indicates the fluid velocity in the
axial channel direction (V,) or the lateral direction (V,,
i.e., secondary Dean flows in curvilinear microchannels).
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Inertial lift forces in straight microchannels could focus
the microparticles on two or four equilibrium positions
in microchannels with rectangular and square cross sec-
tions, respectively (Mach and di Carlo 2010; Gossett et al.
2012; Xiang et al. 2016). Moreover, inside curved and
spiral microchannels, particles can be focused on one equi-
librium position (Nivedita and Papautsky 2013; Nivedita
et al. 2017; Chung 2019; Erdem et al. 2020; Huang et al.
2020; Chen et al. 2021). The net inertial lift force (F))
represents the balance between the two dominant inertial
forces as illustrated in Eq. 1 (Yuan et al. 2018).

F, = pC,i*d ()

In Eq. 1, C; represents the average lift coefficient (Yuan
etal. 2018), and y = 1.5V, /D, shows the average shear rate
on channel walls (Martel and Toner 2012).

Due to the creation of secondary (Dean) vortices in cur-
vilinear microchannels, particles experience an additional
viscous drag in the lateral direction (Di Carlo 2009; Martel
and Toner 2014). This Dean drag could further modify the
particles focusing positions inside the microchannel. The
modified particles’ equilibrium positions depend on the
relative strength of the Dean drag and the net inertial lift
forces. The strength of secondary vortices is characterized
using the non-dimensional Dean number as shown in Eq. 2
(Berger et al. 1983; Munson et al. 2009).

D
De = Re\\ | —h 2)
2R

Here, R stands for the channel radius of curvature.

Particles could be focused close to the channel inner
wall (closer to the center of curvature) under the domi-
nant effect of inertial forces. However, larger and dominant
Dean drags could entrain microparticles with the second-
ary vortices, which may result in particle dispersion across
the channel cross section (Martel and Toner 2012, 2014).
In curvilinear microchannels the Dean drag (F,) could be
presented as a function of the average secondary (Dean)
vortex velocity (Vp,) as shown in Eq. 3.

Fp =3ruaVvp, 3)

Therefore, a thorough knowledge of the effects of fluid
properties and channel dimensions on the average Dean
velocity could facilitate a precise control over microparti-
cle migration in curved microchannels (Bhagat et al. 2008;
Kuntaegowdanahalli et al. 2009). There have been numeri-
cal (Ookawara et al. 2004; Martel and Toner 2013), and
experimental (Bara and Masliyah 1992; Bayat and Rezai
2017) investigations on the average Dean velocity of New-
tonian fluids. Later on, V),, estimations were used to design
high throughput washing process in which microparticles
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were separated with high efficiencies (>90%) and were
transferred into a clean buffer (Bayat and Rezai 2018; Nik-
doost et al. 2021).

In spite of reported investigations on the average Dean
velocity in Newtonian fluids, many real-life applications
deal with the fluids that exhibit non-Newtonian behaviors,
i.e., shear thinning or thickening behaviors. For instance, in
biological fluids (blood, saliva and urine) (Rafeie et al. 2016;
Tian et al. 2018; Kim et al. 2021; Yan et al. 2022), and food
applications [raw milk (Bienvenue et al. 2003)], fluid’s rheo-
logical characteristics depend on the applied shear stress.
Therefore, in curved microchannels, the balance between
the inertial and elastic forces and the Dean drag determines
the particle equilibrium positions (Del Giudice et al. 2013;
Lim et al. 2014a, b; D’Avino et al. 2017, Faridi et al. 2017;
Luetal. 2017; Yang et al. 2017, 2019). Polymeric solutions
such as polyethylene oxide (PEO) and polyvinylpyrrolidone
(PVP) have been used to imitate these non-Newtonian flu-
ids and investigate the particle behavior in microchannels.
The effects of fluid viscosity and De number on the Dean
velocity of these shear-thinning fluids have been numerically
studied by Yoon et al. (2020a; b), Ducloué et al. (2019) and
others (Norouzi et al. 2010; Vamerzani et al. 2014; Sprenger
et al. 2015). We reported an experimental investigation of
the effects of fluid properties and channel dimensions on
the average V), in PEO solutions in curved microchannels
(Nikdoost and Rezai 2020), and offered an empirical correla-
tion with an accurate estimation of V), in viscoelastic PEO
solutions as shown in Eq. 4.

VD
Re, = %” =0.01 De'¥ )

Here, 9 = u/p is the fluid kinematic viscosity.

Microparticle manipulation in shear-thinning fluids inside
the spiral and curvilinear microchannels have been reported
by Raoufi et al. (2021), Narayana Iyengar et al. (2021), and
Kumar et al. (2021) and others (Lee et al. 2013; Xiang et al.
2016; Yuan et al. 2019; Fan et al. 2020; Zhou et al. 2020;
Feng et al. 2022). We recently reported a fundamental inves-
tigation of microparticle focusing behavior in viscoelastic
fluids inside curved microchannels at high flow rates (up to
2 ml/min) (Nikdoost and Rezai 2022b). We examined the
particle dynamics for different particle sizes and reported
on the effects of fluid viscosity, and channel width, height
and radius of curvature in a co-flow of PEO solutions inside
a curved microchannel. Moreover, utilizing our empirical
correlation for the average V), of PEO solutions (Eq. 4),
a proof of concept demonstrations of duplex particle sepa-
ration and washing was presented. Recent reports on the
fundamentals of elasto-inertial particle focusing could be
found elsewhere (Xiang et al. 2016; Yuan et al. 2018; Zhou
and Papautsky 2020).
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To paint a complete picture of various non-Newtonian
fluid types, and based on our interest in studies of particle
dynamics inside curved microchannels, we have focused
our attention towards mixtures of metallic nanoparticles
with water (Nakanishi et al. 2012). These colloidal suspen-
sions exhibit a drastic increase in viscosity as the shear rate
increases (Boersma and Stein 1990; Lee and Wagner 2003,
2006; Wagner et al. 2009). Under deformation, the randomly
dispersed nanoparticles in the medium shape into layered
structures, which cause a shear-thinning behavior at lower
shear rates. However, beyond a critical shear rate threshold,
these layered structures form hydroclusters and cause a dras-
tic viscosity increase (Hasanzadeh et al. 2014). Rheological
characteristics of these fluids depend on several factors such
as the liquid medium, particles, particle interactions, tem-
perature, etc. (Giirgen et al. 2017). For instance, Moldaveanu
et al. (2018) investigated the rheological characteristics of
metallic Al,O5 and SiO, nanofluids and offered few correla-
tions for a better estimation of their viscosity over a wide
range of shear rates.

Initially, we investigated the average Dean velocity of
Si0, nanofluids in curved microchannels and reported a
modified correlation for Vj,,, which significantly improved
the V), estimation as shown in Eq. 5 (Nikdoost and Rezai

2022a).
0.90
L) )

water

Vp,D
Re, = %” = 0.08De1'88<

This correlation can be used to design more accurate
microparticle sorting and washing devices in shear-thick-
ening fluids inside curved microchannels. We envision a
near future application for these nanofluids, such as the sus-
pensions of SiO, nanoparticle in water, for microparticle
manipulation in microfluidic devices for various thermal and
energy applications.

Utilizing the developed correlation (Eq. 5) for the aver-
age Dean velocity of SiO, nanofluids, in here we aimed to
propose a novel experimental study on the particle behavior
in these fluids. It is worth noting that as opposed to shear-
thinning fluids, there is a lack of knowledge on the govern-
ing non-dimensional numbers (i.e., Weissenberg and Elas-
ticity) to characterize the shear-dependent effects and the
hydrodynamic forces acting on the particles. We are pursu-
ing fundamental research to improve understanding of the
particle migration in our experiments. In this paper, particle
migration is described using the available non-dimensional
numbers (Re and De), and the balance between net inertial
lift force and the Dean drag. Early investigations on par-
ticle behavior in SiO, nanofluids in our group (Charjouei
Moghadam 2021) indicated that inside a straight micro-
channel, particles tend to occupy two focusing lines on the
channel sides at lower axial velocities where the effect of

inertial focusing is not significant. Moreover, at higher axial
velocities (i.e., larger Re numbers), the particles migration
in SiO, nanofluids were comparable to inertial focusing in
water, where three focusing lines were observed in a square
microchannel. Here, for the first time we present the particle
migration behavior in co-flows of SiO, nanofluids inside
curved microchannels. The normalized lateral positions of
microparticles are used to describe the effects of fluid axial
velocity, nanofluids concentration, channel width and radius
of curvature, and particle size.

2 Materials and methods
2.1 Sample preparation

The nanofluids were prepared using the colloidal dispersion
of Si0, (40% in water, Alfa Aesar, USA) with previously
reported viscosities (Moldoveanu et al. 2018) at three differ-
ent concentrations of @ =1%, 2%, and 3% v/v. Viscosity esti-
mations as a power function of the shear rate are presented
in the supplementary material. As given by the manufac-
turer, the solutions were prepared using SiO, nanoparticles
with an average size of 20 nm. Three different microparticle
sizes of 10.6 um (~ 10 um, CM-100-10, 1% w/v), 14.5 um
(~15 pm, CM-150-10, 1% w/v), and 22 um (CM-200-10,
1% w/v) were obtained from Spherotech Inc., USA. Micro-
particle solutions were prepared at an approximate particle
concentration of 2 x 10° particles/ml with 0.5% v/v Tween
20 (Sigma Aldrich, USA) to prevent particle aggregation.

2.2 Microfluidic device

Photolithography technique was used to prepare the master
molds for straight (Fig. 1a) and curved (Fig. 1b) microchan-
nels. Initially, a layer of SU-8 2075 photoresist (MicroChem
Corp., USA) was spin-coated on 4 inch silicon wafers (Wafer
World Inc., USA). This was followed by prebaking at 65 °C
and 95 °C, and the UV light exposure (UV-KUB 2, KLOE,
France) using different photomask designs. Next, a post-
bake process at 65 °C and 95 °C was applied, and later,
silicon master molds were developed in SU-8 developer and
underwent a hard-bake at 200 °C.

Microdevices were prepared in polydimethylsiloxane
(PDMS, Sylgard 184 silicone elastomer kit, Dow Corn-
ing, Canada) using the soft lithography technique (Xia and
Whitesides 1998). PDMS prepolymer and the curing agent
were mixed at 10-to-1 ratio, casted over the master molds,
and baked at 75 °C for 3 h. Finally, the PDMS replicates
were bonded onto glass slides using oxygen plasma (Harrick
Plasma Inc., USA).

As illustrated in Fig. 1b, our curved microchannels con-
sisted of two inlets to supply the particles (inlet-I) alongside
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Fig. 1 Microfluidic devices for investigation of particle focus-
ing behavior in SiO, nanofluids. Microchannels include two inlets
to supply the particles (inlet-I) and a clean buffer (inlet-O), and an
expanded outlet (w=2.55 mm) for particle visualization. a Straight
microchannel with a length of~5.23 cm. b A curved microchannel
with a constant radius of curvature R=1.0 cm, a 300° curvature, and
a cross section of wxh=150x150 um?. ¢ Particles trajectories at
the Region of Interest [Rol in (b)] for a=22 um particles in ¢=3%
v/v SiO, nanofluids at a total axial velocity of V,=0.148 m/s. NNP
(normalized number of particles) are drawn alongside the normalized
channel width. FWHM represents the full width at half maximum,
and PC stands for the peak centroid in particle distribution

a clean buffer (inlet-O), into a 300° curved microchannel
with a constant radius of curvature, R. An expanded outlet
with a width of w=2.55 mm was designed to enable the
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particle visualization at a lower axial speed. Three different
microchannel widths of w=150, 225, and 300 um were used
to capture the effect of channel width at a constant height
of h=150 um. To investigate the effect of channel curva-
ture, square microchannels (150 x 150 um?) were fabricated
with three different radii of curvature of R=1.0, 1.5, and
2.0 cm, with a constant channel length (300°, 225°, and 150°
curvatures, respectively). As shown in Fig. la, a straight
microchannel (150 x 150 um?) with similar channel length
(~5.23 cm) was used to investigate the particles focusing
behavior in straight microchannels and comprehensively
study the effect of channel curvature.

2.3 Experimental procedure

Particles focusing behavior was initially investigated in the
straight channel (Fig. 1a), where microparticles in various
SiO, concentrations were supplied through both inlets (inlet-
I and inlet-O). Later on, microparticles focusing behavior
was analyzed using a co-flow of SiO, nanofluids (one with
particles at inlet-I and one clean buffer at inlet-O) at total
flow rates of 0.05 < Q,< 1.5 ml/min (i.e., 0.025-0.75 ml/min
in each inlet). These flow rates translate to average axial
velocities of 0.037 <V, <1.11 m/s (i.e., 0.0185-0.555 m/s
in each inlet) in the square microchannel (150 x 150 pmz).
Microparticle trajectories at the channel outlet (Fig. 1c)
were recorded on an inverted microscope (Bioimager, BIM
500 FL, Canada) at 2.5 X magnification using a high speed
camera (FASTEC IL 5, Canada) at different frame rates
(28-1400 fps with respect to the average axial velocity).
Each experiment was repeated two times, and the images
were analyzed using the open source Imagel] software
(Abramoff et al. 2004; Schneider et al. 2012) as thoroughly
explained below.

2.4 Data analysis

The WrMTrck plugin (Nussbaum-Krammer et al. 2015) in
ImageJ (Abramoff et al. 2004; Schneider et al. 2012) was
used to analyze the particle trajectories frame by frame.
Figure 1c shows the overlap of microparticles trajectories,
where particles’ lateral position alongside the channel length
is normalized. Here, O refers to the channel outer wall and 1
indicates the channel inner wall (i.e., close to the center of
curvature). Initially, the backgrounds were subtracted from
the image stacks, and then the color intensities were adjusted
to obtain a black and white stack to trace the particles using
the WrMTrck plugin. Particle distributions were obtained
by dividing the outlet width into 50 equal sections. This
discretization provided a higher resolution compared to the
smallest particle size to the channel width ratio. As illus-
trated in Fig. 1c, the normalized number of particles (NNP)
with respect to the total observed particles were drawn along
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the particles normalized lateral position. OriginPro (Origin
2022b, OriginLab Corp., USA) was used to analyze the par-
ticles distribution and obtain the number of peaks, peak cen-
troids (PC), and the full width at half maximum (FWHM).

Focusing behaviors were categorized using the fraction of
the NNP within a+0.1 normalized bandwidth around each
peak centroid. Normalized number of particles fractions
higher than 90%, were identified as full focusing, while a
partial focusing was defined as NNP fractions between 70
and 90%. NNP fractions less than 70% within the + 0.1 band-
width were categorized as no focusing behavior. Particle dis-
tributions with multiple peaks were categorized individually
based on the total number of peaks.

Fluid recirculation in curved microchannels could be esti-
mated using our previously reported correlation for the aver-
age V), of SiO, nanofluids (Eq. 5). The average V},, was pre-
dicted for each experiment and used to obtain the required
channel length for one fluid switch (L, where L =LyV,/V,)
(Nikdoost and Rezai 2020). Here, the fluid’s average lateral
migration (Lg) could be estimated as Ly =0.75 D,, (Martel
and Toner 2012). Since the curved channel length remains
constant for all radii of curvatures (L, =5.23 cm), the
total number of fluid switches could be approximated by
the ratio of L,,,,/L,. The number of fluid switches could be
used to estimate the lateral position of particles under the
sole effect of Dean drag force.

3 Results and discussion

Particle migration in curvilinear channels was investigated
for three different particle sizes (~ 10, 15, and 22 um) inside
co-flows of various SiO, nanofluids concentrations (¢ = 1%,
2%, and 3% v/v). Straight (Fig. 1a) and curvilinear (Fig. 1b)
microchannels with different channel widths, and radii of
curvature were used to study the effects of channel geom-
etry and channel curvature. As explained earlier, particle
trajectory videos were used to obtain the normalized particle
distribution (NNP) alongside the channel width, and find
the focusing peaks location, peak centroids (PCs), and the
full width at half maximum (FWHM), which represents the
particles distribution bandwidths.

Initially, we investigated the particles behavior in a
straight microchannel, once injected from both inlets and
once injected from one inlet just like the curved microchan-
nels. First, particles were supplied through both inlets of
the straight channel (Fig. 1a). As represented in Fig. 2a,
the 15 um particles in DI water at an axial velocity of
V,.=0.222 m/s inside this square straight microchannel
(150 x 150 um?) occupied three inertial focusing locations
(PC,,=0.13, PC,,=0.49, PC,;=0.77), with the major-
ity of particles (~50%) close to the channel center. Simi-
larly, inside the 2% v/v SiO, nanofluid (Fig. 2b), particles

occupied three focusing locations (PC,; =0.15, PC,,=0.49,
PCy;=0.79). However, inside the SiO, nanofluids, a more
uniform particle distribution was achieved alongside the
channel width, where around 30% of particles were found
within a+ 0.1 bandwidth of each respective peak.

Next, 15 um particles were supplied into the straight
microchannel in one inlet alongside a clean buffer in the
other inlet. As shown in Fig. 2¢, microparticles in DI water
were mainly gathered close to where they were supplied at
the channel inner side with a peak centroid of PC,=0.81
and FWHM_=0.06. However, inside the 2% v/v SiO, nano-
fluids, microparticles were dispersed alongside the chan-
nel width with two apparent peak centroids of PC4;=0.57
(FWHM,, =0.06), and PC4,=0.87 (FWHM,,=0.18) as
shown in Fig. 2d. Here, the particles in DI water were par-
tially focused (~86% within the +0.1 peak bandwidth),
while ~42% of particles were accumulated within +0.1 peak
bandwidth around each peak inside the 2% v/v SiO, nano-
fluids. Obviously, the SiO, nanofluid exerted a distracting
effect on particle focusing in the straight microchannel.

To investigate the effect of channel curvature, micropar-
ticles were supplied inside a channel with R=1.0 cm and
a square cross section (150 x 150 um?). As represented in
Fig. 2e, the DI water recirculation (De=3.21, and~3.1
fluid switches) resulted in particles dispersion at the chan-
nel outlet, where ~54% of particles were found around the
PC,=0.75, with an FWHM,=0.09. However, as shown in
Fig. 2f, the Dean drag (~ 1.4 fluid switches with De =0.06)
transferred the particles inside the 2% SiO, towards the outer
wall with two weak peaks (PCy; =0.13, FWHM;,; =0.11, and
PC;,=0.77, FWHM;, =0.14). Here, ~32%, and 27% of parti-
cles were found within the + 0.1 peak bandwidth for the first
and second peak, respectively. We concluded again that (1)
the addition of Dean drag with a curvilinear microchannel
scattered the particle trajectories inside DI water, and (2)
the addition of SiO, nanoparticles changed the behaviour
of particles inside the curved microchannel.

The outcomes of the above preliminary investigations
encouraged us to conduct a parametric study on particle
focusing inside SiO, nanofluids in curved microchannels.
The results are presented in the following sections.

3.1 Effect of fluid axial velocity (V,)

Particle migration behavior was studied at a wide range of
axial velocities between 0.037 <V, <0.74 m/s inside curved
microchannels with square cross sections (150 X 150 um?)
and R=1.0 cm. Figure 3 illustrates the focusing behavior
of 22 um particles in co-flows of 3% v/v SiO, nanofluids
inside this curved microchannel. Here, at an axial velocity of
V,.=0.037 m/s (De=0.034, ~0.3 fluid switch), particles were
fully focused close to the channel inner wall, with~90%
of particles within the + 0.1 bandwidth of peak centroid
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Fig. 2 Particle trajectories and normalized number of particles (NNP)
across the Rol of the channels for 15 pm particles at an axial veloc-
ity of V,=0.222 m/s inside square microchannels (150x 150 um?).
Particles were supplied through both inlets in a DI water, and b 2%

(PC=0.81). As the axial velocity increased to V,.=0.074 m/s
(~0.5 fluid switch), and V,=0.148 m/s (~ 1 fluid switch), the
peak centroids shifted insignificantly towards the channel
center (PC=0.79, and PC=0.75, respectively), due to the
higher fluid recirculation. Here, approximately 85% of parti-
cles were found within the +0.1 bandwidth around the peaks
(i.e. partially focused) for both axial velocities. Upon further
increase in axial velocity, the Dean drag dominated the par-
ticle migration. For instance, at V,=0.222 m/s, only ~48%
of particles were found within the +0.1 bandwidth around
PC=0.81 (no focusing). At higher axial velocities of
V.=0.37 m/s to V,=0.74 m/s, two weak peaks appeared in
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v/v SiO, nanofluids inside a straight channel. Particles were co-flown
alongside a clean buffer inside a straight channel in ¢ DI water and d
2% v/v SiO, nanofluids, and inside a curved channel with R=1.0 cm
in e DI water, and f 2% v/v SiO, nanofluids

particle distribution close to channel walls (PC=0.17, and
PC=0.77). It could be observed that stronger Dean vortices
at higher axial velocities resulted in particle dispersion along
the channel width, while other forces such as inertia helped
forming insignificant peaks.

3.2 Effect of SiO, concentration

Preliminary experiments (Fig. 2) indicated behavioral
changes in particle focusing in SiO, nanofluids compared to
DI water. Here, different concentrations of SiO, nanofluids
(9p=1%, 2%, and 3% v/v) were examined to investigate the
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Fig.3 Normalized number of particles alongside their normalized
lateral position for 22 um particles in 3% SiO, nanofluid inside a
square microchannel (150 x 150 um?) with R=1.0 cm at various axial
velocities

shear-dependent effect on particle migration. Representative
experiments for 22 um particles in curved microchannel with
a square cross section of 150% 150 um?, and R=1.0 cm at
two different axial velocities are presented in Fig. 4.

As shown in Fig. 4a, at an axial velocity of V,=0.148 m/s,
particles in DI water (De=2.13) were dispersed across the
channel width after the second fluid switch. As the SiO,
nanofluids were introduced, the fluid switches reduced to ~ 1
and microparticles remained close to the channel inner wall.
Here, the added effect of the nanofluid and the increased
dominance of the Dean drag (F,> F;) at higher fluid vis-
cosities, resulted in particle focusing at a peak centroid of
PC=0.75 for all three concentrations. For the co-flow of
¢®=1%, and 2% v/v SiO, (De=0.06 and 0.057, respectively),
particles were partially focused with~73%, and ~83%
of them within the + 0.1 bandwidth of the peak centroid,
respectively. However, at a higher concentration of ¢=3%
v/v, particles were fully focused around the PC=0.75 (~90%
within the defined bandwidth).

Particle distributions are also shown at a higher axial
velocity of V,=0.37 m/s in Fig. 4b. Here, inside DI water
(De=5.3, and ~ 4.3 fluid switches) particles were scattered
across the channel width with only ~40% of them found
within the +0.1 bandwidth of PC=0.73. For particles in
1% vIv SiO, (De=0.08, and ~2.2 fluid switches), two peaks
were observed at PC; =0.23, and PC,=0.81, with~37%,
and 26% of particles within their respective bandwidths. For
higher SiO, concentrations (¢ =2%, and 3% v/v), particles
were pushed towards the channel walls with PC;=0.15, and
PC,=0.77, and only ~30% of particles within each peak’s
defined bandwidth. Here, we concluded that shear-depend-

ent effect of Si0, nanofluids would enhance the particle
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Fig.4 Normalized number of particles alongside their normal-
ized lateral position for 22 um particles in a square microchannel
(150x 150 pmz) with R=1.0 cm in DI water, and 1%, 2%, and 3% v/v
Si0, nanofluids at a V,=0.148 m/s, and b V,=0.37 m/s

focusing at lower axial velocities (Fig. 4a). However, at
higher axial velocities the dominant Dean drag leads to par-
ticle scattering and creation of two main peaks close to the
channel walls (Fig. 4b).

3.3 Effect of channel radius of curvature (R)

To investigate the effect of channel curvature, 22 um par-
ticles were co-flown in various SiO, concentrations inside
curved microchannels with square cross sections and R=1.0,
1.5, and 2.0 cm. Experiments for straight channels (R — o0)
were also conducted for comparison purposes. As an exam-
ple, the normalized particle distributions alongside the
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channel width in co-flows of 3% v/v SiO, nanofluids at two
different axial velocities of V,=0.37 m/s and V,=0.74 m/s
are presented in Fig. 5.

As shown in Fig. 5a, inside a straight microchannel at
an axial velocity of V,.=0.37 m/s, microparticles occu-
pied two peaks close to the channel inner wall and channel
center line (PC, =0.53, and PC,=0.87), where ~40% and
56% of particles were within the +£0.1 bandwidth of each
respective peak centroid. As a reminder, this behavior was
due to the supply of the particles only from one of the two
inlets into the straight microchannel. Upon introduction of
channel curvature (and Dean drag) inside a curved channel
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Fig.5 Effect of radius of curvature on normalized number of parti-
cles alongside the channel outlet. Representative experiments are
shown for 22 pm particles in co-flow of 3% v/v SiO, nanofluids
inside the straight (R—o0) and curved microchannels with R=1.0,
1.5, and 2.0 cm with a square cross section (150x 150 um?) at an
axial velocity of a V,=0.37 m/s, and b V,=0.74 m/s
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with R=2.0 cm (~ 1.1 fluid switch), particles were partially
focused (~86% within the defined bandwidth) close to the
inner wall with PC=0.85. As the channel radius of curva-
ture decreased to R=1.5 cm (~ 1.5 fluid switches), particles
were pushed towards the channel center, where they were
partially focused (~85% within the defined bandwidth) with
a peak centroid of PC=0.75. A further decrease in chan-
nel radius of curvature to R=1.0 cm, resulted in~2.2 fluid
switches and dispersed the particles across the channel width
with two peaks close to the side channels (PC,=0.15, and
PC,=0.77).

The normalized lateral migration of particles at a higher
axial velocity of V,.=0.74 m/s is also presented in Fig. 5b.
Here, inside a straight microchannel (R — o), two peaks
were observed at PC; =0.51, and PC,=0.89, with~28%
and ~66% of particles within their respective + 0.1 band-
widths. As shown in Fig. 5b, particles inside a curved chan-
nel with R=2.0 cm were fully focused close to the channel
inner wall, where ~92% of them were within the defined
bandwidth around PC =0.87. Further decrease in channel
radius of curvature to R =1.5 cm, resulted in the creation of
two peaks (PC,=0.67, and PC, =0.87) with an approximate
3 fluid switches at the channel outlet. Here, ~45% of parti-
cles were found within the +0.1 bandwidth of each peak. A
further decrease in channel radius of curvature to R=1.0 cm
(~4 fluid switches) amplified the effect of Dean drag and
pushed the particles towards side channels with two apparent
peaks of PC;=0.15, and PC,=0.75, with~ 19% and 50% of
particles within their respective bandwidths.

According to the representative cases in Fig. 5, we con-
cluded that at lower channel curvatures (higher R values),
the added effect of Dean drag could enhance the particle
focusing, i.e., resulting transition from two peaks in straight
channels into a single peak in a curved channel with SiO,
nanofluid. However, stronger Dean vortices at lower channel
radii would disperse the particles towards channel walls. At
higher axial velocities, this phenomenon would occur faster
at a higher channel radius of curvatures.

3.4 Effect of channel width (w)

The effect of channel width on particle migration was inves-
tigated using curved microchannels with R=1.0 cm at three
different channel width of w=150, 225, and 300 um with
a constant height of 2= 150 pm. Figure 6 shows the repre-
sentative experiments for =15 um particles in a co-flow of
3% v/v SiO, nanofluids at two different axial velocities of
V.=0.222 m/s and 0.37 m/s.

As shown in Fig. 6a, at V,=0.222 m/s inside the curved
channel with w=150 pum (~ 1.5 fluid switch with De =0.062),
microparticles were distributed close to the channel walls
with two apparent peaks of PC;, =0.15 (FWHM, =0.07),
and PC,=0.73 (FWHM, =0.16). Here, the relatively strong
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Fig.6 Effect of channel width on normalized number of particles
alongside the channel outlet. Representative experiments are shown
for 15 um particles in co-flow of 3% v/v SiO, nanofluids inside
curved microchannels with R=1.0, a constant channel height of
h=150 um, and three channel widths of w=150 pm, 225 um, and
300 um at an axial velocity of a V,=0.222 m/s, and b V,=0.37 m/s

Dean drags alongside the effect of SiO, nanofluid pushed the
particles into two focusing peaks, where ~40% and ~33%
of particles were found within the +0.1 bandwidth of the
first and second peak, respectively. Inside a rectangular
channel with a width of w=225 um (~ 1.4 fluid switch with
De=0.097), microparticles occupied two focusing peaks
close to the walls with PC; =0.15 (FWHM, =0.12), and
PC,=0.69 (FWHM, =0.1) with similar distributions com-
pared to a channel with w=150 um. As the channel width
increased to w =300 um (~ 1.1 fluid switch with De=0.12),
the effect of Dean drag degraded and particles remained
closer to the channel center and the inner wall, with~61%

particles found within the + 0.1 bandwidth of PC=0.59
(FWHM =0.16). Increasing the channel width translates
into higher hydraulic diameters (D, =150, 180, and 200 um),
which results in a lower shear rate and a lower fluid viscosity
at a constant axial velocity. Therefore, despite the increase
in the Dean number, the effect of viscous drag forces would
reduce, and particles remain mainly close to the inner wall
for the highest channel width.

At a higher axial velocity of V,=0.37 m/s, particles
in the square microchannel (w=150 um) were dispersed
alongside the channel width under the effect of strong Dean
drags (~2.2 fluid switches with De=0.07). Here, around
33% of particles were found within the respective band-
widths of PC;=0.35 (FHWM,=0.16), and PC,=0.74
(FWHM, =0.15). As the width increased to w=225 pm
(~2.1 fluid switches with De=0.11), the second peak cen-
troid started to vanish as the Dean drag effect degraded.
Here, approximately 44% of particles were found within
the + 0.1 bandwidth around the PC=0.74 (FWHM =0.13),
as the majority of particles remained close to the inner wall
despite two fluid switches. Finally, at the largest channel
width of w=300 um (~ 1.7 fluid switches with De =0.135),
the reduced effect of Dean drag did not disturb the particle
focusing around the PC =0.64 (FWHM =0.07), where ~75%
of particles were found within the respective bandwidth (i.e.,
partially focused).

Based on the representative cases in Fig. 6, lower Dean
drags could improve the particle focusing close to the chan-
nel inner wall. As the Dean drag increases in the lower chan-
nel widths, particles were dispersed into two focusing peaks
alongside the channel. At a constant axial velocity, the fluid
viscosity drops as the channel width increases. Therefore,
higher channel widths works against the dominance of Dean
drag, despite the increase in Dean number, and a constant
trend was not observed in our representative experiments.

3.5 Effect of microparticle size (a)

Finally, the effect of particle size was investigated using
three different particle sizes of 10, 15, and 22 pum in a curved
microchannel with square cross section (150 x 150 um?) and
R=1.0 cm. Representative cases for microparticles in co-
flows of 3% v/v SiO, nanofluids at two different axial veloci-
ties are presented in Fig. 7.

As shown in Fig. 7a, at an axial velocity of V,=0.148 m/s
(~1 fluid switch) the smaller 10 pm particles (f=0.07)
were scattered across the channel width with two peaks of
PC,=0.33, and PC,=0.71, with~30% of particles within
the + 0.1 bandwidth around each peak. As the particle size
increased to 15 um (f=0.1), the net inertial lift forces
(F, ~ a*in Eq. 1) increased faster compared to the Dean
drag (F, ~ ain Eq. 3). Therefore, the particles were pushed
towards the channel inner wall with PC=0.59, with ~53% of
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Fig.7 Effect of particle size on normalized number of particles
alongside the channel outlet. Representative experiments are shown
for three different particle sizes of 10, 15, and 22 um microparticles
in co-flow of 3% v/v SiO, nanofluids inside a microchannel with a
150 150 um? cross section and R=1.0 cm at a V,=0.148 m/s, and
b V,=0.37 m/s

them within the defined bandwidth (no focusing). However,
the larger 22 pm particles (B =0.15) were fully focused close
to the channel inner wall with~92% of the particles found
within the defined bandwidth surrounding PC=0.81. As
shown in Fig. 7b, at a higher axial velocity of V,.=0.37 m/s
(~2.2 fluid switches), microparticle migration was domi-
nated by the Dean drag, and particles were scattered across
the channel width with two weak peaks close to channel
side walls for all particle sizes (PC,;=0.25, and PC,=0.75).

Overall, we concluded that an increase in particle size
could enhance the focusing behavior at lower axial veloci-
ties. However, as the Dean drag becomes dominant at higher

@ Springer

axial velocities, all particles get dispersed in two main peaks
close to the channel sidewalls.

4 Conclusion

In summary, we demonstrated the particle focusing behav-
ior in SiO, nanofluids inside curved microchannels for the
first time. The normalized lateral positions of particles were
studied in co-flows of various SiO, nanofluid concentrations.
The effects of fluid axial velocity, nanofluids concentration,
channel width and radius of curvature, and particle size on
the particle focusing at the channel outlet were investigated.
We found out that the presence of nanofluids even at low
concentrations, could enhance the particle focusing at lower
flow rates. Moreover, the dominance of Dean drag at higher
axial velocities (i.e., flow rates) would create two focusing
peaks close to channel sidewalls. Our early results indicate
a behavioral change and warrant a more comprehensive
parametric study on this phenomenon in higher nanofluids
concentrations, and different channel geometries at very
low to very high flow rates. The parametric study should
also include a non-dimensional analysis to extend its useful-
ness for future applications of these non-Newtonian fluids
in heat exchangers, solar energy collectors, and nanoplastic
detection in the food, energy, electronics, and environmental
monitoring industries.
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