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Abstract: Micro-particle manipulation, based solely on the Dean drag force, has begun to be advo-
cated for with the goal of lowering the pumping pressure and simplifying the complexity of the
coupling effects of the inertial lift force and the Dean drag force, thus reducing the difficulty of
theoretically predicting particle motion. We employed the CFD-DEM two-way coupling method in
this work to quantitatively study the lateral (z in axis) motion of particles (7-10 um), in square or
half-circle segment serpentine microchannels, that was only reliant on Dean drag with the block-
age ratio Di;, = 0.04 (the inertial lift effects show at D%, > 0.07). In the square-segment serpentine
channel, under the conditions of single-side-wall sheath flow and sedimentation, we discovered
that the particles exhibit a twist-type lateral trajectory around each turn, with the larger particles
always twisting in the opposite direction of the smaller particles, as a result of the four-grid-pattern
distribution of the lateral velocity values at each turn. The large and small particles are separated
at the channel’s exit at Re = 56.7, De = 17.8, indicating the likelihood of separation only due to the
Dean drag. This separation efficiency decreases as Re and De decreases. The lateral position and
velocity values of the particles oscillate, as time passes, due to the twist trajectory, with the oscillation
amplitude increasing as Re or De decreases and deflecting toward the inner side of z. In the cases
of the two-side-wall-symmetric sheath flow, the particles exhibit only a little lateral deflection, and
particle separation is not achieved. The deflection of the oscillation is uncertain and does not change
regularly with any physical quantity.

Keywords: lateral motion; micro particles; serpentine microchannel; dean drag

1. Introduction

Microfluidics technology has been widely employed in chemistry, biology, and medicine
to analyze or manipulate bio-particles. For example, patients” peripheral blood has been
found to contain the circulating tumor cells (CTCs) that are discharged from primary or
metastatic malignancies [1,2]. As a result, detecting or isolating tumor cells from patients’
blood is required for cancer detection, and microfluidics is an excellent solution [3-5].
Dielectrophoresis (DEP) [6-8], magnetophoresis (MP) [9], and acoustophoresis (AP) [10,11]
are active techniques, employed in microfluidic devices, that are classified depending on the
external forces imparted to the particles or cells. There are also passive microfluidics, such
as hydrodynamic microchannels [12-23], in which particle motion is solely determined by
hydrodynamic forces such as inertial lift force, drag force owing to secondary flow, and
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centrifugal force. The benefits of passive hydrodynamic microfluidics are high throughput,
cheap cost, and simple design. Due to the various sizes of the particles, they are focused on
different equilibrium locations. CTCs apparently appear to be larger in blood than other
blood cells, such as red and white cells, making isolation from other cells within the blood
achievable.

Segré and Silberberg were the first to discover particle lateral motion across stream-
lines in a macroscale cylindrical tube, and the inertial lift force focuses the particles into an
annulus [24,25]. The focusing process is the result of two effects: the lift toward the wall,
caused by the shear gradient and caused by the curvature of the Poiseuille velocity profile;
the lift that pulls particles away from the wall. The inertial lift force has been widely used
in microchannels throughout the last decade to achieve particle focusing [12,26], separa-
tion [12,15,27,28], ordering [12], and filtration [15,29-33]. Microchannels, unlike circular
tubes, typically feature square or rectangular cross-sections due to their production method.
Particles are concentrated in a more sophisticated manner, resulting in more equilibrium
positions. The square channel has four or eight equilibrium positions depending on the
blockage ratio and the Reynolds number [29,33,34], whereas the rectangle channel has two
equilibrium locations near the long face wall [35-41]. Di Carlo et al. originally explored the
intricate scaling of the inertial force, which is F o« py U2,,.d%/h (d is the particle diameter,
pris the fluid density, U,y is the maximum velocity of the flow, and # is the height of the
channel) near the channel center and Fj, o py U2,,.d° /1 near the channel wall [37].

Curved channels, as compared to straight channels, were found to reduce the length
of the channel necessary to focus particles [12,31]. Di Carlo et al. investigated particle
ordering in a square-cross-sectioned asymmetric serpentine micro-channel when particle
size and Reynolds number were varied [12]. To meet mass conservation, the Dean flow,
which is characterized by two counter-rotating vortices, points to the outer wall at the
mid-plane but to the inner wall at the top and bottom. The Stokes drag force drives the
particles outward on average. However, the particles are focused down the channel into
a single stream since the outward direction changes at each serpentine bend. Di Carlo
observed that, when paired with the inertial lift force and the Dean drag force, the curved
channel collapses the four equilibrium points into a single particle stream. Based on their
findings, they produced a phase diagram depicting particle focusing and defocusing with
the Dean number De as the x-axis and the blockage ratio Dih (Dy, the hydraulic radius) as the

y-axis. Focusing is achieved when Dih > 0.07 as well as De > 3. This discovery shows that
particle size separation might be achieved. In another paper [42], their group measured the
mobility of particles that were initially positioned at the inner and outer walls of the curved
channel. They discovered that particles initially situated near the channel’s outer wall
migrate toward the inner wall around a channel turn, which contradicts the main effects
caused by the outer-wall-pointed centrifugal force. The motion of these particles follows
the Dean flow stream and changes the focus plane around the turn, rather than being
dominated by inertial lift or centrifugal force. When compared to particles that start at the
inner wall and migrate to the outer wall, the lateral velocity of these particles increases
with the average velocity of the channel, albeit substantially less, and this increase is only
detected above a certain threshold of the average velocity. This implies that lateral motion
is determined by the initial positions of the particles. The competition between the inertial

2
%
radius, and f is a dimensionless value dependent on the channel Reynolds number and the
dimensions of the channel). The lateral manipulation of particles is commonly conducted at
R ~ 1. Applying this, Lee et al. successfully separated tumor cells and red cells in blood
using a contraction-expansion array microchannel device [43]. The particle’s equilibrium
locations are defined by both the inertial lift force and the Dean drag force. Larger particles
are influenced by the inertial lift force more than the Dean drag force (higher R as a result
of larger particle size), so tumor cells with larger sizes attain an equilibrium position closer
to the concave—convex side wall. In contrast, the Dean drag flow dominates the lateral
motion of red cells that are smaller in size and closer to a flat side wall. To focus the

lift force and the Dean drag force is represented using a ratio Ry = <55 f (r is the curvature
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particles, Oakey et al. used a rectangular-cross microfluidic device with an asymmetrical
curve component before the straight part [22]. The particles in the asymmetrical curve
segment of the upstream flow are focused to two vertical equilibrium heights. They are
focused to a single stream after being relayed to the straight part, as the straight part
channel tends to suppress the two vertical equilibrium positions.

The Dean flow alters the inertial lift force’s equilibrium positions, making it more
challenging to anticipate particle lateral motion and design practical microfluidic systems.
Additionally, the inertial lift force is only relevant for larger blockage ratios Dih > 0.07 [12],
necessitating a narrow channel and, thus, raising pumping resistance. To get around
these restrictions, Zhang et al. developed a novel idea and employed a large-square-cross-
sectioned serpentine microchannel [44]. This allowed them to focus particles without
the aid of inertial lift and solely by employing secondary flow and centrifugal force on
the particles.

So far, since measurements in microfluidics studies are always made in the primary
flow direction, the complexity of the process underlying the lateral motion of particles
is unclear as a result of the absence of lateral flow observation. Numerical simulations
would be able to get around this restriction, although little study has been done in this area.
To investigate the lateral trajectory and rotation of particles in a contraction-expansion
channel, Jiang et al. used a lattice-Boltzmann method (LBM)-immersed boundary method
(IBM) model [45]. The particles’ volume effects and, thus, the effects of the inertial lift force
could both be precisely accounted for using the IBM technique. According to the modeling
results, the Dean secondary flow is crucial for concentrating particles of various sizes in
certain locations.

In this study, we apply Zhang’s idea and manipulate the particles, in serpentine chan-
nels with rectangular cross-sections, solely using the Dean secondary flow. We employed an
Eulerian-Lagrangian point-particle simulation approach with a two-way coupling method,
taking into account the particle contact interactions, to examine the lateral motion of the
particles. In reality, the force that particles exert on the fluid can be completely eliminated,
and the double coupling can be reduced to a single-way coupling only at extremely low
solid fractions of < 107° [46]. The simulations are run in a square-segment serpentine
channel and a half-circle segment serpentine channel, respectively. The impacts of flow
rate, particle releasing position, and fluid rheology are systematically investigated.

2. Numerical Simulation Method
2.1. Calculation Scheme

By combining Fluent19.0 and EDEM2018 softwares, computational fluid dynamics-
discrete element method (CFD-DEM) is used to model the flow field and particle motion
in the serpentine microchannels. The continuous fluid is calculated in an Eulerian coordi-
nate in this Eulerian-Lagrangian system, while the discrete particles are monitored in a
Lagrangian framework in accordance with Newton’s second law. The traditional Eulerian—
Lagrangian method, in which the mesh size of the continuous phase is set to be four to five
times the particle size, was utilized in the current investigation because the particle size
is small relative to the channel. Particle-particle and particle-wall interactions are taken
into account in CFD-DEM, which is particularly significant in locations close to the channel
wall and corners. The following is the CFD-DEM coupling principle: Fluent solves the N-5
equations of the fluid phase first; EDEM then calculates the force on the particles exerted
by the fluid and updates the positions of the particles using the fluid information in each
cell; finally, Fluent calculates the force on the fluid exerted by the particles and updates the
fluid information, repeating this cycle until convergence is reached.

Collisions with other particles or the channel wall, as well as interactions between the
continuous phases, all contribute to particle motion. The particle size in our computation
technique is much smaller than the mesh size of the continuous phase, and the calculation
treats the particles as points and uses Newton's second law, which is decomposed into
translational and rotational motion. When calculating the interaction force between the
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particle and the fluid in this approach, the fluid information is provided by the fluid
mesh in which the particle is included. When the particle size exceeds the mesh size of
the continuous phase, the fluid force imparted on each particle must be calculated by
integrating the particle volume across numerous fluid meshes, such as the body-fitted grid
technique [47] or the immersed boundary method (IBM) [48], which are more difficult and
incompatible with commercial Fluent19.0 software. The influence from far field, due to
disturbance waves, is negligible when the calculation time step is smaller than the diffusion
time of the waves [49]. Thus, the motion of a single particle is governed by [50]:

du,
dw
I =M )

where m is the mass of the particle, g is the gravitational acceleration, I is the moment of
inertia of the particle, Up, is the velocity of the particle, F is the interaction force between
the particle and the fluid, and F. is the collision contact force between particles or between
the particle and the channel wall. Particle—fluid interaction force includes buoyance force,
virtual mass force, drag force, pressure gradient force, and lift force. Only the drag force
F;, pressure gradient force F, and lift force F; are considered in this study. The virtual
mass force, basset force, Magnus force, and the Saffman force [51,52] are neglected in the
calculation. The latter two forces are members of the lift force family. We did not include
them in the computation and calculated the entire lift force F; independently by using a
UDF, as shown below. Therefore,

pr =F+F,+F 3)
F; = Cd(Uf - Up) /rxf 4
de
Fy = —Ppr( - dt) ®)
d 2
F, = Cllofl/[rmzxd2 <H) 6)

where V), is the particle volume, Uf is the velocity of the fluid, and U4y is the maximum
value. a¢ and py are the volume fraction and the density of the fluid, respectively. C; is the
drag coefficient, for which the Ergun model is chosen in the current study:

ﬂﬂ Pf‘uf_up‘)

Ci=V, (150 X & +1.75 @)

d

with d representing the diameter of the particle and ji; representing the viscosity of the
fluid. C; is the coefficient of the lift force, which depends on the lateral position and the fluid
velocity. We use C; with the method invented by Liu et al., and we obtained C; through
fitting the curves in [53], using the polynomial functions for a rectangular-cross-sectioned
channel, with an aspect ratio of 2.

Considering the easy deformation of cell particles and their soft mechanical properties,
the contact force F, is calculated using the soft ball model, and it is decomposed of tangential
component F;; and normal F; component. The normal contact force is modeled as a
dissipation damping coefficient connected, in parallel, with an elastic spring, which is the
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same as the tangential contact force. The two forces are connected by a friction slider. The
resultant contact force [54] between particle i and particle j is:

Fc,ij = _kn,ij‘sn ij = VYnjij on Aj kt 1]5t ij ’)’t,ijét,ij (8)

where k; ;; and k; ;; are the spring stiffness for the normal and tangential components,
respectively. 7,;; and 7;;; are the damping coefficients for the normal and tangential
directions, respectively. J, ;; is the normal overlap of the two particles, while 6; ;; is the
tangential overlap. The equation of k,, ;; [55] is:

4 d 1
ky,ij = 3Eeq< ;q> On,ij2 9

with Eg; representing the equivalent Young’s modulus and de; representing the
equivalent diameter

11— 1-v}

R — ! + ]

(10)

1 1 1
— = 4= 11

E;; is Young’s modulus of the particles. v;; is Poisson’s ratio of the particles. The
tangential stiffness [56] is:

1

d
kt A — 8Geq5t 1]( eq) 571,1‘]‘7 (12)
with G, representing the equivalent shear modulus

1 22+v)(—v) | 2Q2+v)(1-v)
o = + 3 (13)

The normal damping coefficient is

2
ki JijMeq (14)

Tndj = m
with m,, representing the equivalent mass

1 1 1
Meg m; m]

The tangential damping coefficient is

r)/t,ij \/> m \/ tl] (16)

Young’s modulus E of the particles, representing cells, is taken as 140 kPa [57], and
Poisson’s ratio v is taken as 0.5 [58]. The contact force between particles and the wall
follows the same calculation scheme. The Young’s modulus and Poisson’s ratio of the wall
are set to match the materials of the microchannels made of poly(dimethylsiloxane) (PDMS)
in the real circumstances.

The motion of the continuous fluid phase is described by an incompressible Navier—
Stokes (N-S) equation with the volume fraction:

%(afpf) +V-(06fpflIf> =0, (17)



Processes 2023, 11, 2411

6 of 23

% (rortly) + V- (o Ustly) — V- (wsosty) = —VP+prg+ 1y (18)

fpis the force exerted on the fluid by particles, which is the opposite of the sum of the
force exerted on particles by the fluid in each fluid mesh cell:

1 n 1 n
= —— L Cy(Ur—U,) + — vV, VP 19
o Vo Y iy Ca (U — Up) Vor Y Vr (19)

Veerr is the volume of the fluid mesh cell. # is the number of particles in each cell, and
k is the index of the particles. 7y in Equation (18) is the stress tensor of the fluid:

Hf T\ 2Hf
=L (vU,+vu/L) - ZLv.u,I (20)
f Pf( f f) 3Pf f

I is the identity matrix.

2.2. Software Settings and Physical Problem

Figure 1 illustrates the two serpentine microchannel types that were investigated: the
square-segment serpentine microchannel and the half-circle-segment serpentine microchan-
nel. Both channels are asymmetrical, with the upper segments measuring 1.5 mm in width
compared to the lower segments’ 1 mm. The rectangle cross-sections of both channels
measure 0.5 mm in width by 0.25 mm in height. The channels’ entire effective lengths
in the main flow direction are 25 mm. The grid study and validation were carried out to
investigate the influence of the fluid mesh on the simulation outcomes. It is not true that a
finer grid is better because the CFD-DEM computation scheme we utilized in this study
treats particles as points, so the continuous phase mesh size must be at least four times
greater than the particle size. The calculation will diverge if the fluid mesh is so small that
it is near to, or even smaller than, the particle size. However, the fluid mesh size cannot be
too large because the quality of the fluid motion calculation is improved when the mesh
size is reduced. In conclusion, to balance these two points, after many trials, we discovered
that it is possible to achieve good results when the square-serpentine channel has 416,031
nodes and the circular-serpentine channel has 502,496 nodes. The meshing grid was drawn
in Gambit16 software. To calculate the velocity of the fluid phase in Fluent, the laminar
incompressible flow model was chosen, and no-slip is enforced on the walls. The fluid has
a density of 1000 kg/m3 (p ). Additionally, the particle density was set to p, = 1.08p to
imitate cell density [59].

flow direction ]
inlet 2))\*
in .
l I~ 4 e\ 25 mm
“ : 25 mm )
l.“ ., - ¥\ \go* 1.5mm
particle B ‘ [ * 1.5mm ¥\
injection < l«' v '-j‘ -
- “ < 1 mm AV
1 mm l l" AN
1 l‘ 4",
‘B .
outlet

Figure 1. The geometries of the two serpentine microchannels: (Left) the square-segment-serpentine
microchannel; (Right) the half-circle-segment serpentine microchannel. The particle factory for
injecting particles is marked by the red line on the inlet face of the left microchannel.
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An injection of particles and a uniform fluid velocity define the inlet boundary condi-
tion. The fluid’s inlet velocity is set at 3, 5, 7, and 9 cm/s, correspondingly. To counteract the
impact of the particles’ initial velocity, the injection speed of the particles from the particle
factory is much lower at 0.05 cm/s. The particle sizes follow a Rosin-Rammler distribution,
with a mean size of 8.5 um, a minimum size of 7 um, and a maximum size of 10 um. The
smaller particles stand in for the red blood cells, and the larger ones stand in for the tumor
cells. The number of particles injected per unit time is set so that the volume fraction
of the particles in the microchannel is approximately in the range of the other research:
1 x 10° particles mL ™! [18,53,60].

The particle injection is configured using a particle factory in EDEM2018 software,
which is a two-dimensional shape positioned at the channel’s intake face. We used two
types of particle factories in the simulations: one is positioned on the side wall of the inlet
(on the left of Figure 1, it is the red thin strip at the inlet of the square channel), and the
other is located at the middle z location, which is not represented. The particle factory’s
first setting has the effect of imposing a single-side-wall sheath flow to the particles injected
randomly from the entrance. The particle factory’s second setting is equal to the effect of
imposing a two-side-wall-symmetric sheath flow on the particles injected randomly from
the source. This is to investigate the impacts of the sheath flow introduction method. We
did not draw a geometry with the sheath flow branch based on the real picture, nor did
we simulate the real situation in which the sheath flow interacts with particles injected
randomly from the entrance, because this simulation requires a very long channel length
to achieve the desired results. This is meant to investigate the impacts of the sheath flow
introduction method. As a result, in order to simplify the geometry design and lower the
computational cost, we simply replicate the sheath flow by restricting the particles to a
specified area at the inlet. In fact, we attempted to do one example using a model that
was completely based on the actual situation and discovered that the results were not
significantly different from the case in which the sheath flow is mimicked by the particle
factory. Consequently, we believe this simplification is appropriate for our simulations.
Furthermore, the vertical, narrow strip of particle streams fed from the particle factory
accounts for the particle configuration resulting from gravity sedimentation under real-
world conditions, with smaller particles positioned above larger ones.

2.3. Non-Newtonian Fluid

The effects of fluid rheology are investigated in this study. Apart from water used as
the dilute fluid for the blood, polymer solutions are also used. In the simulations, we used
shear thinning poly(ethylene oxide) (PEO, molecular weight 4 x 10° g/mol) solutions of
two different concentrations to modify the rheology of the blood sample: one is 0.5% and
the other is 2%. PEO is a semi-crystalline polymer with a melting range of 57-73 °C, and
the melting temperature of the crystalline region of PEO is centered at 68.81 °C [61]. The
elastic lift force F, is illuminated since the particle size is much smaller than the channel
size F, = C,d®VNj (C, is the nondimensional coefficient, and Nj is the first normal stress
difference) [60]. The rheological properties of PEO solutions are referenced in [62] and obey
the Cross model:

P = oo 1
= : (21)
Ho — Heo 1+ ()\’)’)m
The parameters of the Cross model are listed in Table 1. The viscosity, obeying the
Cross model, was written into Fluent through a User Defined Function.

Table 1. Cross model parameters of PEO solutions of molecular weight 4 x 10° g/mol of two
different concentrations.

Concentration (%) A(s) m yo (Pa-s) Hoo (Pas)

0.5 0.0006 0.79 0.005 0.003
2 0.0033 0.73 0.049 0.008
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3. Results and Discussion
3.1. Transverse Motion
3.1.1. Square-Segment Serpentine Channel

The flow in curved channels is characterized by two dimensionless numbers: the
Reynolds number and the Dean number. The channel Reynolds number, based on the

velocity of the fluid in the channel, is Re = % [37]. Uy, is the maximum velocity of
the fluid. Dy, = (z%ff;l) is the hydraulic diameter of the rectangular cross-section of the

channel. v is the kinetic viscosity of the fluid. The Dean number, reflecting the strength of
the secondary flow, is defined as De = Re+/D),/2r. r is the curvature radius of the curved

ppUnd! psUzdD?

D? r

together, determine the preferred lateral position of the particle. f. is the lift coefficient,
which is a function of the Reynolds number and the lateral position of the channel. In
this study, in order to neglect the effects of the inertial lift, the cross-section of the channel
is designed to be much larger than the particle size, so the ratio of these two forces is

3
F d - D
() e 10 s <

channel. The inertial lift force F; =

fc and the Dean drag force Fp ~

4

© is the curvature ratio and f is in the range of

0.6-0.2. Therefore, the Dean drag force is always predominant compared to the inertial lift
force. The focus of this study is the lateral motion of particles under the influence of mere
Dean drag.

Figure 2a depicts the lateral deflection of particles of various sizes in pure water at
a fluid inlet speed of 9 cm/s (Re = 56.7, De = 17.8) under the single-side-wall sheath flow.
The smaller particles (blue) deflect outwards (positive z-direction) when they enter the first
turn from the inlet, but the bigger particles (red) deflect inwards. The particles’ deflection
in the lateral-z direction on the inclined slice (with the inclination angle of 1350), at this
turn, follows the flow of z (Figure 2c). It is worth mentioning that the opposite deflections
of large and small particles are connected to their initial positions from the inlet face, with
smaller particles initially located close to the channel’s upper wall and larger particles
initially located close to the channel’s bottom wall. The z-velocity field at the slice at the
first turn, as shown in Figure 2c, has a four-grid-pattern distribution, which means that
the sign of z-velocity is the same at the diagonal corners. The smaller particles strike the
positive-zone of z-velocity with this configuration of the z-velocity field and the particle
injection pattern, whereas the larger particles hit the negative-zone of z-velocity. As a result,
smaller and larger particles deflect in opposing directions along the z-axis. Such staggered
deflection would not have occurred if the particles of diverse sizes had all been incidents
from the inlet-face center, where the z-velocity is null. However, once the particles travel
through the turn, they tend to return to the primary upward flow direction and restrain the
lateral deflection, resulting in a twist motion around a turn (Figure 2a). Figure 2b (plane 3,
viewed in the negative x-direction) depicts the flow field on the vertical y—z plane of the
going-up part within a segment. Aside from the higher and lower regions of plane 3, the
flow is considerably upward in most places, which suppresses the longitudinal deflections
of both small and big particles after they pass the turn, giving birth to the twist. The
four-grid-pattern distribution of z-velocity in Figure 2c corresponds to the splitting flow at
the top of plane 3 and the converging flow at the bottom.

The four-grid-pattern z-velocity distribution on the slice changes signs at the second
turn (compare Figure 2c,d), so the small and large particles deflect in opposite z-directions
relative to the first turn, with the smaller particles moving inward and the larger ones
moving outward. After passing through this turn, the particles enter the top-horizontal
section of the segment and face a pair of splitting Dean vortices that are opposite the pair of
converging Dean vortices in the bottom-horizontal section (Figure 2b, plane 2). The smaller
particles placed close to the top wall are pushed outward by the slitting Dean vortices,
while the bigger particles located close to the bottom wall are drawn inward, which causes
a twist in the particle paths once more. Every time the particles travel through a turn, the
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z-deflection changes the sign, inducing a twisted particle trajectory and causing the smaller
and larger particles to always go in the opposing z orientations.

velocity(m/s)

(b)

(c) R (d)

Figure 2. Twisted lateral motion of particles in water in the square-segment serpentine channel at
the fluid inlet speed of 9 cm/s, with the single-side-wall sheath flow. (a) Trajectories of the particles
are colored by particle size near the channel inlet. The inset is the front view of the distribution
of the fluid velocity. (b) The fluid velocity field on three selected slices. (¢) Schematic diagram of
large and small particles, twisted by negative-z-valued fluid zone and positive-z-valued fluid zone,
respectively. In the flow field shown in (c), the color represents the z-velocity value of the fluid, and
the vectors are the fluid velocity vectors. The velocity field is on the slice located at the first turn
from the inlet. The angle between this plane and the primary flow direction is 135°. (d) Contrary
to (c), this is the schematic diagram of large and small particles twisted by positive-z-valued fluid
zone and negative-z-valued fluid zone, respectively. The flow field in (d) is on the slice located at the
second turn from the inlet. (e) z-velocity fields on slices at the turns located at the opposite sides of
the channel.

Figure 3a depicts the spatial arrangement of particles of various sizes from the chan-
nel’s front view. At early turns, the particles increasingly deflect toward the inner-wall side
in the upper horizontal portion of the segment; this is especially true for the larger particles.
This is in line with the fluid velocity field (bottom of Figure 2a), where the drag force is
imposed and rises with particle size. The particles in the bottom horizontal portion of the
segment are tilted upward as a result of the drag force. From Figure 3a, even while the
fluid’s velocity distribution varies very little in the later segments compared to the earlier
segments (it always remains the same as the one shown in Figure 2a), the particles are
getting harder and harder to deflect in directions other than the primary flow direction
because they are accelerating (Figure 3b), in the primary-flow direction, downward the flow.
A successful size-based separation is achieved at the outflow, as shown in Figure 3e, where
the smaller particles are located closer to the top wall of the channel and the bigger particles
locate closer to the bottom wall. In a serpentine microchannel, Zhang et al. achieved
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particle focusing at the outlet [44]. Instead of a random injection, such as in Zhang’s exper-
iments. or a central injection that we will also discuss in the later content, keep in mind
the method of particle introduction used in our case, which is under a single-side-wall
sheath flow simulated by a vertical, thin strip of particle streams (Figure 2a) injected from
the side wall of the inlet face. Therefore, in our situation, the motion of the particles is
significantly influenced by the initial position, and it is made more complicated by the
secondary flow close to the side wall. At the exit, the placement of particles of various
sizes in the z-direction is depicted in Figure 3d. The medium-sized particles are closer to
the central axial line, while the largest and smallest particles are closer to the side wall. In
actuality, there is a strong correlation between the y and z-positions of the particles. To
highlight this relationship, we choose the lower horizontal portion of the final segment
(in Figure 3d, the area between the two twists) that is closest to the outlet. The Dean flow
(Figure 3c) points outward near the bottom and the outer side wall, where the largest
particles (red) are located. As a result, the largest particles have a tendency to gravitate
toward the outer wall. In contrast, the Dean flow is pointed toward the center of the z-axis
near the top wall, where the smaller particles (blue and green) are located, causing the
smaller particles to deflect inward. Yellow medium-sized particles are located close to
the middle z and y-positions. The yellow particles do not deflect much in both the z and
y-directions, at this point, because the Dean flow is relatively weak.
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Figure 3. Particle configuration and velocity values in the x-y plane in the same simulation case
as in Figure 2, as well as the particle positions at the outlet: (a) spatial configuration of particles of
different sizes at the front view of the channel; (b) distribution of particles’ velocity at the front view
of the channel; (c) flow velocity fields on three slices at the bottom horizontal part of the segment
nearest to the outlet; (d) positions of particles of different sizes in the z-direction nearest to the outlet;
(e) positions of particles of different sizes in the y-direction nearest to the outlet.

Figure 4 depicts the findings for a greater viscosity fluid (2% PEO) at a lower flow
speed of 3 cm/s. The particle locations at the exit, in the y-direction (Figure 4d), are nearly
identical to those at the intake, owing to the fact that the fluid velocity does not deflect
in the vertical direction (Figure 4b). Figure 4a shows that the particles deflect little in the
lateral direction (z) because the secondary flow at a significantly lower Reynolds number or
Dean number (=0.4), as seen in Figure 4c, is much weaker. In comparison to Figure 2b, there
is no visible secondary converging or splitting flow in the planes of both the uphill and
descending segments. As a result, at the outlet, the particles of different sizes are located at,
almost, the same value in the z-direction as the inlet (Figure 4e).

Figure 5 depicts the z-positions of particles as a function of time. The starting y-
position of the particles, fluid viscosity, and flow speed are the major parameters that
impact particle lateral motion. First, the impacts of the particles’ initial positions will be
demonstrated. The particles at the top (smallest particles) and bottom (biggest particles)
exhibit the most oscillations in the lateral (z) direction. This oscillation is caused by the
previously described twisting. The amplitude of the oscillations is practically constant at the
beginning, or in the portions closest to the channel’s intake. However, it skyrockets in the
late segments. This is because the oscillations move more and more away from the side wall
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where the straight wall suppresses the lateral-direction flow, and thus, the secondary flow
in the z-direction becomes a little stronger toward the inner side (Figure 3c). Furthermore,
because the Dean drag force Fp « d is related to particle size, the largest particles, labels
by 5, oscillate slightly more than the smallest particles, which are labeled by 1. The top
right graph in Figure 5 compares the z-trajectories of the largest and smallest particles
in pure water with a mean flow speed of 9 cm/s. They exhibit opposite z movements
at intermediate times or, in the middle segments, due to the opposite lateral Dean drag
depicted in Figure 2. The lateral flow at the center y height is weaker than at the upper or
lower areas (Figure 3c) in the cross-section, so the oscillations appear to be considerably
smaller for particles around the central height of the channel, which are labeled by 4 and 3.
The lateral distance traveled by the middle-height particles is substantially shorter, so the
time it takes for them to exit the channel has been significantly decreased.
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Figure 4. Particle configurations in 2% PEO solution in the square-segment serpentine channel at the
fluid inlet speed of 3 cm/s, under the single-side-wall sheath flow: (a) trajectories of the particles
colored by particle size near the channel inlet; (b) the front view of the distribution of the fluid
velocity; (c) the fluid velocity field on three slices near the inlet at the positions same as in Figure 2b;
(d) positions of particles of different sizes in the y-direction at the exit; (e) positions of particles of
different sizes in the z-direction at the exit; (f) the fluid velocity field on three slices near the outlet, in
the same configuration as in Figure 3c.

As the flow mean speed increases (various rows in Figure 5), the oscillations in the
z-direction increase due to the greater Dean number De « Uy, especially for water. The
terminal time for particles to reach the output reduces as the flow rate increases for each type
of fluid. We see that this decrease in terminal time, as flow speed increases, appears to be
more pronounced as fluid viscosity increases, owing to a smaller difference in z-oscillations
at different flow rates in the fluid with a higher viscosity, particularly for 2% PEO solution.
In contrast, for clean water, the bigger amplitude of z-oscillations at the higher flow rate
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lengthens the particles’ travel distance in the lateral direction and, ultimately, lengthens
their arrival time (compare the topmost two rows in Figure 5). Therefore, the disparity
between the terminal times at various rates is lessened. Additionally, we see that, for water,
the oscillation’s range hits its maximum (the central position of cross-section z = —0.25 mm)
late in the process and then stops expanding altogether. This plateau reappears when using
0.5% PEO solution at a flow rate of 9 cm/s. The oscillation does not reach the maximum z
central position at the lower Re numbers, i.e., the higher viscosity or the lower flow rate,
and it does not exhibit a plateau. The amplitude of the oscillations are also generally much

smaller in the more viscous fluids because the Dean number De « L.
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Figure 5. The lateral (z) positions of particles of different sizes, as functions of time, in the square-
segment serpentine microchannel under the single-side-wall sheath flow. The top left picture shows
the twist of the particle trajectory near the inlet. There are five streams of particles, and the particle
size decreases from the bottom (red) to the top (blue), which are labeled by 5 to 1, respectively. The
five columns show the data for the particles of each size. From the left to the right, the particles are
labeled by 5 to 1. Each row includes the data for each flow condition that is the fluid type and the
flow speed. The top right graph shows the comparison of the data of the largest particle and the
smallest particle at the flow speed of 9 cm/s in pure water.

The oscillations of the particle’s lateral (z) velocity values are depicted in Figure 6.
1Y fUZDﬁ
2rpg
the flow rate increases or the viscosity of the fluid decreases. The particles in the central
height exhibit lesser velocity oscillations than the particles at the top or bottom heights,
due to the weaker secondary flow, in the same manner as the oscillations of z locations.
Most importantly, it is noted that, as fluid viscosity increases, the oscillation amplitude
shifts from increasing with time to decreasing with time. The development tendency of
secondary flow structures in the channel between water and viscous PEO solutions is what
causes this phenomena. For PEO solutions, the fluid is generally flowing inward in the

Due to the fact that the lateral migration velocity is U, ~ [44], they grow when
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z-direction (Figure 4c) in the early segments, which causes a significant amount of the
particles’ deflections. The oscillations of particles in the z-direction are lessened in the
latter segments because the fluid’s overall flow on the cross-section becomes upward or
downward (Figure 4f). The water experiences an opposite development of the z-velocity
oscillations compared to PEO solutions because the intensity of the converging upward
secondary flow does not generally diminish in the latter segments, and it even grows
slightly (compare Figure 2b plane 2 and Figure 3c plane 2). There is one exception, though,
which is the particle labeled by 4, whose oscillation decays with time in pure water at
9 cm/s. This indicates that the trend of the oscillation heavily depends on the particle’s
initial position. Consequently, the development of the secondary flow structure is very
different at different specific positions on the cross-section.
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Figure 6. Velocity values in the lateral (z) direction of particles of different sizes as functions of time.
The indexes for the columns and the rows are the same as those of Figure 5.

3.1.2. Half-Circle-Segment Serpentine Channel

Figure 7 displays the z-direction position oscillations of particles in the serpentine
microchannel with half-circle segments. The particles, labeled by 1 and 2, exhibit decaying
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oscillations in the case of pure water at a flow velocity of 9 cm/s, which is obviously
different from the situation in the square-segment channel. Understanding this would come
from examining the secondary flow structures and the spatial configuration of particles
in Figure 8. In this instance, near the outlet, the particles 1 and 2 are located at the central
height, where the flow in the z-direction is almost zero. In contrast, near the inlet, the
particles 1 and 2 are closer to the top of the channel in the segments, where the secondary
flow moving in the direction of z is stronger, which results in descending oscillations, in
the z-direction, along the primary flow. The initial and final y-positions of particles 4 and 5
are always closer to the channel bottom (Figure 8b), and at this height, the strength of the
secondary flow increases from the inlet to the outlet (compare Figure 8c,d), resulting in the
growing oscillations. Nevertheless, these particles exhibit oscillations that grow over time.
We do not notice the oscillations’ plateaus in any of the examples in the half-circle-segment
serpentine channel because none of them reach the middle point of the z-direction (z =
—0.25 mm). The bigger radius of curvature r, for the half-circle-segment serpentine channel
and resulting smaller Dean numbers De ~ 1/+/7, are to blame for the generally weaker
oscillations. Finally, similar to the square-segment serpentine channel, particularly in
the cases of water (3 cm/s) and 0.5% PEO (9 cm/s) for particles labeled by 1 and 5, the
z-position, at the early times, oscillates around a constant value of z. Then, at the late times,
it oscillates around the lines located increasingly inward in the z-direction.
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Figure 7. Lateral (z) position of particles of different sizes, as functions of time, in the circular-segment
serpentine microchannel under the single-side-wall sheath flow.
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Figure 8. In the case of the pure water and at the fluid inlet speed of 9 cm/s in the half-circle-
segment serpentine channel and under the single-side-wall sheath flow, (a) the front view of the
distribution of the fluid velocity; (b) positions of particles of different sizes at the outlet in the y and
z-directions, respectively; (c) flow structures at the cross-sections near the inlet; (d) flow structures at
the cross-sections near the outlet.

Figure S1 displays the z-velocity oscillations in the serpentine channel with half-circle
segments. The butterfly-shaped oscillations of particle 3 in the pure water are the most
visible phenomenon, and they become especially clear at flow rates of 9 cm/s. This is
connected to the oscillations of particles 5 and 4 below it, which are growing, and the
oscillations of particles 1 and 2 above it, which are declining. The middle-height particle, 3,
exhibits both increasing and deteriorating patterns. As a result, the evolution takes the form
of a butterfly, with growth occurring later and degradation occurring earlier. Additionally,
we see that the circular-segment channel’s z-velocity oscillations are less symmetric than
those in the square-segment channel. When comparing the flow structures in the top and
lower parts of the segment (Figure 8c,d), the swirl is always stronger in the lower half
circle due to the asymmetric geometry; thus, it makes sense to believe that effects of the
secondary flow at the lower segment weigh and determine more in the particle lateral
deflection. The net secondary flow of the upper and lower half circles is toward negative z
at the intermediate height of y (Figure 8), where particles 1 and 2 are located and, therefore,
oscillate more toward negative z. In contrast, the net lateral flow is toward the positive
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z at the bottom position, where particles 4 and 5 are situated and move more toward the
positive z.

3.2. Particle Positions at the Outlet

Figure 9 displays the vertical (y) positions of the various-sized particles at the exit.
The flow of clean water in the square-segment channel is the most optimal option for
the size separation destination. This separation efficiency does not vary obviously when
the flow rate rises. Similar to the case of the 0.5% PEO solution in the square-segment
channel, the separation efficiency increases marginally as the flow rate increases in the
flow of pure water in the circular-segment channel. In contrast, the overall tendency in
the situations of the circular-segment channel 0.5% PEO and square-segment channel 2%
PEO is plainly focusing and mixing, which is consistent with the general observation that
focusing becomes more efficient as Re increases [12,44]. In the curved channel and in the

_ 2
absence of inertial lift, the focusing efficiency 6 = oy (pmpp)dope

fluid velocity v, increases. Here, v is the particle velocity in the primary-flow direction.
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Figure 9. The vertical (y) position of particles at the outlet of the square-segment and circular-segment
serpentine microchannels. Particles of different sizes are marked using colors that are the same as
the colors used to represent the particle size in Figures 2, 4, 5 and 8. The left two columns show the
results under the single-side-wall sheath flow. The right two columns show the results under the

y (mm)

y (mm)

y (mm)

circular side

| ——

—3

4 6 8 1
vel (em/s)

. & —=—=

=

4 6 8
vel (em/s)

2

4 6 8

vel (em/s)

10

two-side-wall-symmetric sheath flow.

Except at very low Re numbers, it is widely understood that, when particles are
randomly injected from the inlet into serpentine channels, focusing should occur at
the highest Re numbers due to the secondary flow drag’s dominance over the iner-
tia force [12,44]. As a result, particle separation is impossible. However, our results
demonstrate both focusing and separation possibilities, which are mostly due to the start-
ing release location of the particles—the side-wall—where the secondary flow state is
quite complex. Conventionally, as the fluid viscosity increases, the minimum length
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cusing should increase. When comparing the scenarios of the square-segment channel
0.5% PEO and square-segment channel 2% PEO, our results contradict this prediction. This
is due to the fact that the secondary flow, taken into account by the formula, is situated
in the middle of the channel, and it may not be similar to our circumstance, where the
study’s primary emphasis is close to the side wall in the lateral direction. We should pay
attention to the fact that the secondary flow switches the direction from the center to the
edge (Figures 2, 3 and 8).

We also simulated the scenarios of the two-side-wall-symmetric sheath flow, which is
mimicked by the particles that are injected from the center of the inlet in order to examine
the consequences of the injection. The outcomes are displayed in Figure 9’s right two
columns. Particle size significantly lessens its influence under this infusion. The particles of
various sizes are only slightly separated in water flow and at low flow rates (3 cm/s). This
shows that the separation efficiency is particularly sensitive to the introduction method,
and it is advised to inject through pure water from the side wall or, equivalently, using
a single-side-wall sheath flow imposed at the inlet. In the square-segment channel, as
the flow rate increases in the water flow, the vertical position (before 5 cm/s) initially
travels toward the lower position of the channel and then moves up, whereas the terminal
vertical position in the circular segment channel rises monotonically as the flow rate rises
and, finally, reaches the highest level (0.1 mm) of the channel. It should be noted that
the vertical height of the outlet is designed to be somewhat higher than the inlet for the
circular-segment channel. As a result, there is an overall flow that propels the particles
upwards, and the strength of this flow increases as the flow speed increases, leading to the
monotonic increase in the y-position as the flow rate increases.

Figure 10 displays the particle lateral (z) positions at the outflow. We start by taking a
look at instances of the single-side-wall sheath flow. In the square-segment channel with
pure water, for a successful design of size separation, it only requires two collection ports
located at the upper and lower positions of the outlet, respectively, because the smallest
and largest particles emerge from two extremely different y-positions (Figure 9), yet they
emerge from similar z-positions. In the case of the circular-segment channel with the 0.5%
PEO solution, an intriguing phenomena is seen. Contrary to the vertical position depicted
in Figure 9, there is an increasing separation in the z-direction as the flow rate rises. This
suggests that the separation effectiveness varies in different directions. For the cases of the
two-side-wall-symmetric sheath flow imposed from the inlet, except in the circular-segment
channel with pure water, where the largest particle flows out from the outer z and the
smallest particle flows out from the inner z, essentially no lateral motions of the particles
are seen.

Figure 11 displays the particle movement’s exit time. Both the particles at the top
(blue) and lower (red) beginning positions will, typically, take longer to reach the outflow
for the single-side-wall sheath flow due to the greater oscillations in the lateral direction.
The decreasing trend of the exit time for the flow rate is sharper for the largest and smallest
particles, with the exception of the square-segment channel in water. Additionally, it
appears that the more viscous fluid lengthens this time. The lines of the particles of various
sizes collapse for the two-side-wall-symmetric sheath flow (the right two columns of
Figure 11), and the more viscous fluid does not prolong this terminal time because the
particles injected from the center inlet do not exhibit lateral movements in the z-direction.

Figures S2 and S3 demonstrate the z-position as a function of time, in the case of the
two-side-wall-symmetric sheath flow, with Figure S2 for the square-segment channel and
Figure S3 for the circular-segment channel, respectively. Both the two-side-wall-symmetric
sheath flow (Figure S2) and the single-side-wall sheath flow (Figure 5) in the square-segment
channel show oscillations, despite the fact that the particles for the two-side-wall-symmetric
sheath deviate only slightly from the central line of the z-direction. The key distinction for
the two-side-wall-symmetric sheath is that the increasing or decreasing tendency of the
oscillations is highly different for particles of different sizes, notably including the flow of
pure water at 9 cm/s, as well as the flow of 2% PEO at 3 cm/s. According to the channel
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shape and coordinate orientations illustrated in Figure 1, in the former case, particles 5,
4, and 1 migrate in the direction of the outer wall (positive z-direction), while particles
2 and 3 migrate in the opposite direction. In reality, the particles are subjected to Dean
drag force, and they move in a specific direction as long as they stray slightly from the
center of z. As seen in Figure 3, the secondary flow is obviously in the opposite direction
from the center of z, which may contribute to this opposite overall trend of the oscillations.
The tendency in this oscillation has been established in the early turns, and it grows in
the later ones. The oscillations’ trends do not increase constantly when turns occur in
the situations of water moving at 3 cm/s, 0.5% PEO moving at 3 cm/s, and 0.5% PEO
moving at 9 cm/s; instead, they begin to plateau at an intermediate turn. While the latter
case oscillates toward negative z, the two former cases display a trend toward positive
z. The oscillations’ kink is significantly less obvious in the 2% PEO fluid, which has the
highest viscosity.
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Figure 10. The lateral (z) position of particles at the outlet of the square-segment and circular-segment
serpentine microchannels. Particles of different sizes are marked using colors that are the same as the
colors used to represent the particle size in Figures 2, 4, 5 and 8.

For the two-side-wall-symmetric sheath flows in the circular-segment channel (Figure
53), with the exception of the 2% PEO at 3 cm/s, which has the lowest Re number, the
influence of particle size can always be shown. This is because, compared to the square-
segment channel (Figure 3c), the secondary flow in the circular-segment channel is more
variable at different positions in the cross-section (Figure 8c,d), making it easier for particles
of various sizes, initially located at different vertical positions, to be dragged in the opposite
direction of z. Additionally, we observe that the oscillation amplitude growth in the
circular-segment channel maintains rather than plateauing, which suggests that the flow
is smoother, in this geometry, as a result of the smaller De number that decreases as the
curvature radius increases.
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Figure 11. Exit time of particles’ motions in different cases. Particles of different sizes are marked
using colors that are the same as the colors used to represent the particle size in Figures 2, 4, 5 and 8.
The asterisks are the makers specific to the exit time this variable.

4. Conclusions

According to our research, most importantly, red (7 um) and tumor cells (10 pm) can
be distinguished based on their sizes in large cross-sectioned serpentine microchannels
outside the range that the inertial lift works Dih > 0.07. Most microchannel designs rely
on the synergistic effects of Dean drag and inertial lift. The inertial lift effects are only
discernible at relatively higher blockage ratios, suggesting that the microchannel’s cross-
section shouldn’t be much larger than the size of a cell. Furthermore, only large flow rates
allow for separation. As a result, there is high pumping pressure, which makes it simple to
leak and harm microscopic channels made of PDMS, a soft substance. On the other hand,
large cross-sectioned microchannels get over these limitations and are more preferred.

From our results, the phenomena is particularly noticeable in the square-segment
channel and under the single-side-wall sheath flow. First, due to the four-grid-pattern
distribution of the lateral velocity values at each turn, the particles twist in the lateral
direction around each turn, and the large and tiny particles always deflect in oppos-
ing directions. The size separation is achieved at the channel outlet at Re = 56.7 and
De =17.8. This separation efficiency decreases as Re and De decrease. The lateral position
and velocity values oscillate over time due to the twist trajectory. For the flow of water with
the lowest viscosity, the oscillation develops in the lateral direction, toward the center of z,
and eventually plateaus. As opposed to the flow of fluids when Re and De decrease, the
oscillation always keeps far from the center of z and, thus, rises continuously. In contrast,
the particle twist trajectory is weaker in the half-circle-segment channel due to the smaller
De caused by the higher curvature radius r, and the size separation is not visible at the
exit. In the circular-segment channel and in the flow of water, the oscillation of the lateral
positions over time shows a diminishing trend instead of a growth. It appears that the
two-side-wall-symmetric sheath flow does not aid in particle manipulation because the
lateral motion of the particles is so feeble. Under this sheath flow, the overall trend of the
oscillation of the lateral position or velocity, which is sometimes toward the inner-wall
side in the lateral direction but sometimes toward the outer-wall side, is highly sensitive to
particles’ initial positions and Re and De.
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Nomenclature
Fp. Inertial lift force

Pf Fluid density
Umaxy  Maximum velocity

d Particle diameter

h Channel height

Dy, Hydraulic radius

r Curvature radius

f Dimensionless inertial lift coefficient

m Particle mass

g Gravitational acceleration

u, Particle velocity

I Moment of inertia of particles

Fyr Interaction force between particles and fluid
F. Collision contact force

w Angular velocity of particles

t Time

F, Pressure gradient force

Cy Drag coefficient

Vp Particle volume

Uy Fluid velocity

af Volume fraction of fluid

Hr Fluid viscosity

ky Normal component of the spring stiffness

k¢ Tangential component of the spring stiffness
T Normal component of the damping coefficient
0 Tangential component of the damping coefficient
Onij Normal overlap of the two particles i, j

Ot ij Tangential overlap of the two particles i, j
Eeq Equivalent Young’s modulus

deg Equivalent diameter

E Young’s modulus of particles
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v Poisson’s ratio of particles
Geq Equivalent shear modulus
MMeq Equivalent mass
P Fluid pressure
T Stress tensor of the fluid
Op Particle density
Re Reynolds number
De Dean number
F, Elastic lift force
Ce Dimensionless coefficient of elastic lift
Ny First normal stress difference
Heo Viscosity of PEO at infinite shear rate
Ho Viscosity of PEO at zero shear rate
A Constant of the shear rate in the Cross model
0 Shear rate
) Curvature ratio
Vfy Radial fluid velocity
Upt Particle velocity in primary direction
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