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Abstract: A neutrally buoyant circular particle migration in two-dimensional (2D) Poiseuille chan-
nel flow driven by pulsatile velocity is numerical studied by using immersed boundary-lattice
Boltzmann method (IB-LBM). The effects of Reynolds number (25 < Re < 200) and blockage ratio
(0.15 < k < 0.40) on particle migration driven by pulsatile and non-pulsatile velocity are all numer-
ically investigated for comparison. The results show that, different from non-pulsatile cases, the
particle will migrate back to channel centerline with underdamped oscillation during the time period
with zero-velocity in pulsatile cases. The maximum lateral travel distance of the particle in one cycle
of periodic motion will increase with increasing Re, while k has little impact. The quasi frequency of
such oscillation has almost no business with Re and k. Moreover, Re plays an essential role in the
damping ratio. Pulsatile flow field is ubiquitous in aorta and other arteries. This article is conducive
to understanding nanoparticle migration in those arteries.

Keywords: lattice Boltzmann method; inertial migration; Poiseuille flow; pulsatile velocity

1. Introduction

Particle two-phase flow is a very complex problem, which ubiquitously exists in
nature, industry, hemodynamics, such as the formation and movement of sand dunes, haze
(PM2.5), ventilation dusting system, spread of virus (COVID-19), inertial microfluidics,
drug delivery in blood, etc. Numerous researches have revealed the behavior of the
particles in fluid flow depends on Reynolds number (Re = U, H/v, where U, is the
maximum inlet velocity, H is the channel width, v is the fluid kinematic viscosity) and
blockage ratio (k = Dy, / H, donates the ratio of particle diameter D, and the channel width),
whether or not the particles are neutrally buoyant [1-6]. The density of the neutrally
buoyant particles is the same as the suspension fluid, which means the particles will
suspend in the fluid.

Segré and Silberberg [7] first discovered experimentally neutrally buoyant spherical
particles would migrate to a radial equilibrium position in a pipe flow and form the Segré
and Silberberg (SS) annulus, which is known as SS effect. This phenomenon prompted a lot
of correlation research to reveal the underlying mechanism. Ho and Leal [8] theoretically
studied particle migration in two-dimensional (2D) Poiseuille flow. Asmolov [9] interpreted
that the particles migration was due to the effect of inertial lift by using the matched
asymptotic expansions method. The results indicated the wall induced inertial lift became
significant in the thin layers near the channel wall, and such lift could be neglected when
the particles are far away from the wall. Matas et al. [10] found that the particles would
move closer to the circular tube wall as Re increased and revealed additional inner annulus
when Re was greater than 600. Moreover, if Re exceeded 700, the particles in the inner
annulus accounted for the majority. Matas et al. [11] also utilized the matched asymptotic
expansions method to calculate the lateral force in the pipe geometry (used to be in the
plane geometry), but they did not find the second zero lateral force intersection point which
indicates the inner annulus. Thus, they concluded the inner annulus was most likely due
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to finite-size effect. Hood et al. [12] calculated the lateral forces by a perturbation analysis.
Morita et al. [13] predicted that all particles in the inner annulus would return to the SS
annulus according to their experimental results when Re is less than 1000 and the tube is
long enough. Due to their equipment limitations, the tube length was only 500 times the
particle diameter. Then, Nakayama et al. [14] increased the length of the tube to 1000 times
of the particle diameter, and the results showed that three regimes were eventually formed:
only the SS annulus, only the inner annulus or those two annuli exist at the same time. The
transition between these three regimes was determined by the critical Re which decreases
with increasing of k.

Besides the aforementioned theoretical and experimental methods, computational
fluid dynamics (CFD) simulation has become a powerful tool in analyzing particle-fluid
interaction. Feng et al. [15] adopted finite-element method to investigate a circular particle
migration in Poiseuille flow. Their simulations agreed qualitatively with the results of
perturbation theories and pertinent experiments. By using LBM [16-19], the same problem
was studied, and the SS effect was reconstructed. Shao et al. [20] found the inner annulus
for elevated Re by using the fictitious domain method. Abbas et al. [21] mentioned that the
equilibrium position (TEP) depends exclusively on Re and k. Recently, inertial microfluidics
can precisely separate particles with or without extra external force field by realizing SS
effect [22-28].

All the research works mentioned above are based on a non-pulsatile flow field, but in
the artery, the blood pumped by the heart behaves as a pulsatile flow field. To the best of
our knowledge, there are no articles related to particle migration in the pulsatile flow field.

Cancer is one of the leading causes of death in the world; nanoparticles are widely
used for cancer therapy. Ideally, the therapeutic nanoparticles system should be able to
deliver drugs just to the tumor and have no severe side effects on the body [29]. However,
nanoparticle movement in non-pulsatile blood flow field is quite different from that in the
pulsatile blood flow field.

In this study, we perform a series of CFD simulations to investigate the migration of
one neutrally buoyant circular particle in 2D Poiseuille flow driven by pulsatile velocity.
The influence of Re and k on the particle migration is analyzed in detail. The difference
between particle migration driven in pulsatile and non-pulsatile velocity is illustrated.
Engineering precision therapeutic nanoparticles system in artery [30] can be attainable by
understanding the particle migration in pulsatile blood flow field. Furthermore, it can help
to optimize therapeutic nanoparticles system for achieving precise medical against cancer
near arteries.

The organization of this article is as follows. The numerical method, boundary
conditions, and problem description are introduced in Section 2. In Section 3, we simulated
TEPs of one particle at several specific parameters, and our computational code is validated
by comparing with the published paper. Afterwards, the simulation results are presented
and discussed in Section 4. Finally, conclusions are provided in Section 5.

2. Method and Problem

LBM is widely used to simulate particle migration, turbulence, flow in porous media,
multiphase flow, non-Newtonian rheology, and so on [31-43]. Because of its advantages in
efficiency, easy to code, and parallel run, LBM has become a very popular CFD numeri-
cal tool.

2.1. Lattice Boltzmann Method

In this work, the single-relaxation time (SRT) lattice Bhatnagar-Gross—Krook (LBGK)
Boltzmann method is adopted to solve particles migration in incompressible viscous
flow [44]:

Filx+ et t+ At) = filx,£) — % i) — D), 1)
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where f;(x,t) is the distribution function at space coordinate x = (X,Y) and time ¢ in
the ith direction; fl.(eq) (x,t) is the correspond equilibrium distribution function; 7 is the
SRT; At is the time step; the discrete velocities e; of 2D nine-velocity (D2Q9) model are
shown in Figure 1; c = Ax /At is the lattice velocity; Ax is the lattice spacing. For coding
conveniently, both the time step and the lattice spacing are set to be equal to 1, which result
inAt=Ax=c=1.

es=(—-1,1)c e;=(0,1)c es;=(1,1)c
)
&/

o/
e;=(—=1,—1)c es=(0, —1)c eg=(1, —1)c
Figure 1. D2Q9 Cartesian lattice and discrete velocities.

The equilibrium distribution function can be calculated by [44]:

3e;u  45(e;qu)’  1.5u2
fi(eq)(x/t):wipf 1+ c12 + (cﬁll ) 2

, @

where w; is the weight factor with wg = 4/9, wi.4 = 1/9 and ws..g = 1/36, py is the fluid
density and # is fluid velocity which can be determined by:

1
pf= Zfi(x,t), u= EZeifi(x,t). 3)

For low Mach number, the Navier-Stokes equations can be derived from the lattice
Boltzmann equation by utilizing Chapman-Enskog expansion [45].

2.2. Improved Bounce-Back Scheme

In the LBM simulations, improved bounce-back scheme is of particular importance,
and it allows to implement no-slip boundary condition on the surface of moving parti-
cle [46], which will be explained briefly below.

As shown in Figure 2, the sky-blue circles represent the fluid nodes, and the red thin
diamonds donate the solid nodes. The orange triangles indicate uncovered fluid nodes
means that those nodes are located inside the particle at time ¢ and will locate outside the
particle when the particle travels after one lattice time step. Similarly, the purple squares
donate covered fluid nodes represent that those nodes will change from fluid nodes to
solid nodes after the particle moves.
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Figure 2. Improved bounce-back scheme boundary conditions. Lighter gray circle represents the
location of particle at time t and darker gray circle at time t + At, which result in two orange triangles
uncover to fluid node, three purple squares cover to solid node and four red thin diamonds remain
solid node. The other sky-blue circles denote the fluid nodes. The distribution function f; can be
determined by the information of node S, D, A, B, C.

Take fluid node A as an example, after the streaming step, three unknown distribution
functions (f3, f7 and f4 denoted by three blue arrows shown in Figure 2) need to be deter-
mined by applying improved bounce-back scheme. Therefore, the distribution function f7
can be calculated by:

9(1+29)f5(S) + (1 —44%) fs(A) — q(1 — 29) f5(B) — 2wsp =32, ¢
f7(A) = 1 o

21 2g-1 2505 es
e f5(8) + T f7(B) = mzf7(C) — qgteny S

where S is the nearest solid node along es direction; B and C are the two nearest fluid nodes
along ey direction; the blue star D denotes the boundary location which is the intersection
point of particle boundary and line AS, meanwhile, 4 can be determined by g = |AD|/|AS|;
up is the velocity of the boundary location D; ¢s = ¢/+/3 is the speed of sound. The other
unknown distribution functions of fluid nodes around particle boundary can be solved in
the similar method.

2.3. Force, Torque, and Particle Motion
Let us continue to take the boundary location D as an example. As shown in Figure 2,

the hydrodynamic force and torque acting on the solid particle migrating in fluid can be
integrated by adopting momentum exchange algorithm [46,47] as follows:

F) (x + qes, t) = es[fs(x + es5,t) + f7(x,1)],

T (x + ges, t) = (x +ges —x,) x F")(x,1), ©)

where x,, is the position of the particle.

When the particle is moving in the lattice grid from time t to t + At, as shown in
Figure 2, the additional force and torque due to uncovered fluid node and covered fluid
node exerted on the particle can be computed by [48]:

FO (x,t) = pr(x Hu(x, t),
T (x,t) = (x —xp) x F)(x,1),
F) (x,t) = —p(x, t)u(x, 1),
T (x, 1) = (x —xp) x F (x,1).

(6)
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Moreover, in order to avoid unphysical overlapping between the particle and the
channel wall, the extra lubrication force model is needed [49]:

F) = { p 15 "=t )
N —1.57psv {DP(% — h%)} ' u, h<h,

where v = cZ(t — 0.5)At is the kinematic viscosity of the fluid; D, is the diameter of the
particle; U, is the particle velocity towards the wall; & is the minimum gap between the
particle and the wall; h, = 1.5Ax is the cutoff distance whether to consider the lubrication
force or not.

By summation of the forces and torques acting on the particle, the movement of the
particle can be solved explicitly using Newton’s second law:

aly ot — (Z F 4y Fl©) 4y pl) 4 pl )/mp,

ulFA = ul) +05( LA al ) At,

;—i—At_x Jr05( t+At+ut At,

a;+At _ (Z ™ +y T 4 % T”))/Ip,

w!, A = wl, +05< ap A - al) ) AL,

9t+At 9t+05( t+At+w At,

®)

where ap, u,, &y, wy, 0y, mp, and I, are the translational acceleration, velocity, rotational
acceleration, rotational velocity, angle, mass and moment inertia of the particle.

2.4. Problem

The configuration of one circular particle migrating in Poiseuille flow is shown in
Figure 3. A parabolic velocity profile with the maximum velocity U, is set at the left inlet
boundary in the positive X direction, and the velocity in Y direction is zero. For Uy, there
are two cases: non-pulsatile or pulsatile. If pulsatile, U, will change over time, otherwise,
it will be a constant. For considering reproducibility of this work, patient-specific velocity
profile [50] will not be adopted to impose at the inlet boundary. The half-period of the
sinusoidal function at time interval [t, t;] (systolic period) and zero at [t;, t,] (diastolic
period) is utilized which can be seen from Figure 3. In the systolic period, t; —ty) = 0.3 s,
and in the diastolic period, t; — t; = 0.5 s, which means one cardiac cycle lasts 0.8 s. The
unit conversion factor from lattice time to physical time is 10~°. At the right boundary,
the normal derivative of the velocity is zero and the pressure is set to be pout = p fcg [19].
No-slip boundary conditions are imposed at the top and bottom channel walls.

Y

N if pulsating

_,/\

Xs

Figure 3. Configuration of a particle migrating in Poiseuille channel flow. The origin coordinate
locates at left down corner, X in horizontal direction and Y in vertical direction. The simulation
domain size is fixed as L x H, while the particle is located at [X,, Y;] initially. The diameter of the
particle is Dy, Uy, represents the maximum velocity. For pulsatile case, Uy, will change by time.
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If there are no additional statements, the channel length L is 500Ax and the height
H is 100Ax. TEP is basically unchanged for different channel length (300Ax, 400Ax,
500Ax, 600Ax, 700Ax and 2000Ax). So L = 500Ax is adopted same as Wen et al. [17].
As shown in Figure 3, the circular particle center is located at [X;, Y] initially. The di-
ameter of the circular particle in this work is 15Ax, 20Ax, 25Ax, 30Ax, 35Ax, and 40Ax,
which means k = D,/H = 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, respectively. Meanwhile,
Re = U, H/v =25, 50, 75, 100, 150, 200 is studied by changing the kinematic viscosity
of the fluid.

Driven by the fluid velocity, the particle will always travel along X axis in positive
direction, so an infinite channel is needed to avoid the particle moving out of the simulation
domain which can be achieved by moving domain technique [6,51,52]. When the X-
coordinate of the particle exceeds X, + Ax, the fluid field and the particle need to shift on
lattice spacing left, which ensures that the particle will never travel too far from its original
position. Meanwhile, it should be noted that the actual moving distance along X axis in
positive direction should add up one lattice spacing when performing this shift once.

3. Validation

To validate the accuracy of our LBM code, two benchmark cases are implemented below.

In the first case, Re is set to be 50, and the terminal particle Reynolds number
Rey = Uy, Dy /v is about 9.63, where Uy, is the terminal particle velocity in X direc-
tion. It is very close to Re, while the particle is driven by pressure difference [17]. Our
simulating results with k = 0.25 and k = 0.35 are plotted in Figure 4a,b, respectively. The
SS effect is quite obviously found and TEP of the particle has nothing to do with the initial
horizontal position (Ys/H = 0.20, 0.25, 0.35, 0.40, 0.45) which only changes the trajectory
from initial position to TEP. All the results, even the curve shape shown in Figure 4a,b are
consistent with those of Wen et al. [17].

(a) 0.55 T T T (b) 0.55 L T T T T
— Ys/H=0.20, present F —— Y4/H=0.20, present
0.50 ¢ —— Ys/H=0.25, present 7 0.50 —— Yy/H=0.25, present ]
0.45F —— Ys/H=0.35, present ] 0.45 b —— Y¢/H=0.35, present ]
. —— Y,/H=0.40, present f —— Y,/H=0.40, present
e 0.40 Ys/H=0.45, present 1 e 0.40 Ys/H=0.45, present 1
= 055 Wen et al. (2012) = 0.35 F Wen et al. (2012)
0.30 f N 0.30 —
0.25 k=0.25 ] 0.25 | k=0.35 E
0.20 ‘ : 0.20 g ‘ ’ ‘
30 40 50 0 10 20 30 40 50
X/H X/H

Figure 4. Lateral migration of the particle released from different initial positions in Poiseuille flow with (a) k = 0.25,

(b) k = 0.35.

The foregoing results are validated only when Re is 50. The second case is adopted to
validate over the entire range of Re = 20, 40, 100, 200. The particle diameter is D, = 22,
the channel width is H = 200, and the channel length is L = 1000, which leads to the
blockage ratio being k = 0.11. Figure 5 shows the comparison of the present results with
previous ones simulated by Di Chen et al. [53] The comparison shows TEPs are in good
agreement and the particle will be closer to channel centerline with increasing Re in 2D
Poiseuille flow.



Micromachines 2021, 12, 1075

7 of 14

0.5 0 p—r———7—— 17— 7T T
—A— Present

®m Chenetal (2012) 1
0.40 1

0.45

0.35F ;
0.30

Y/H

0.25
0.20 7
0.15 | 7
0.102

0 40 60 80 100 120 140 160 180 200
Re

Figure 5. Comparison of TEPs of the particle migrating in Poiseuille flow at different Re.

4. Results and Discussions
4.1. Fluid and Particle Interaction

After validation, we first simulate the particle migrating in non-pulsatile flow at
k = 0.25 and Re = 50. Figure 6a—c, shows the contour view of the dimensionless pressure
p' = (p — Pout)/ Pout, the dimensionless fluid velocity in X direction U} = U,/U,, and
in Y direction Uy, = Uy, /Uy, respectively. Due to the moving domain method adopted
here, the particle will always locate around the middle of the simulation domain which
is significantly disturbed by the present of the particle. Obviously, the pressure strip can
be observed upstream and downstream of the particle. The pressure at the upper left and
down right side of the particle is higher than the upper right and down left corner, and
hence generates a particle rotation in clockwise direction illustrated by the black arrow
in Figure 6a. Due to non-slip boundary condition at the boundary location of particle,
clockwise rotation of the particle will induce fluid flowing upward at left and downward
at right as shown in Figure 6¢c. Moreover, it can be seen from Figure 6b that the particle
follows with fluid movement quite well [54].

(a)

U
E 0.0
~0.1

Figure 6. The contour view of (a) the dimensionless pressure p’, (b) the dimensionless fluid velocity
in X direction U}, and (c) in Y direction U; in stable state of particle migrating in non-pulsatile flow
atk = 0.25 and Re = 50.

4.2. Trajectory

Several dominant forces acting on the particle drive it to TEP in Y direction. The first
force is shear gradient lift force due to the parabolic velocity profile, which points to the
wall. The second force is wall induced lift force due to the interaction between the particle
and the channel wall calculated by using added lubrication force model introduced before
which directs towards the channel centerline. The third force is called Magnus force [55]
due to the rotation of the particle migrating in fluid. As demonstrated above, the particle in
non-pulsatile flow travels in X direction and at the same time it rolls in clockwise direction.
Thus, the Magnus force is directed to the channel centerline. Certainly, when the particle



Micromachines 2021, 12, 1075

8 of 14

moves in fluid, it will be affected by the drag force. In summary, there are at least four
forces governing particle migration in fluid suspension.

Figure 7 shows the particle center trajectory along the channel for k = 0.25 and
k = 0.35 at Re = 50. Obviously, several cardiac cycles later, the particle driven by pulsatile
velocity migrates around TEP in non-pulsatile flow periodically. In the systolic period, the
particle laterally migrates towards wall mainly affected by shear gradient lift force. While
in the diastolic period, the shear gradient lift force disappears, and the particle still rotates
because of inertia, so it will migrate back to the channel centerline under the Magnus force.
The moving direction is illustrated by black arrows which are shown in the subplots of
Figure 7. The particle oscillates in spiral-shaped structures and will travel towards the wall
again in another systolic period.

0.44 T T T T

gl ~® k=025P @ k=035P

: ~®- k=025 NP -#- k=0.35, NP

0.40 fy .

038 102916 F \—o\.\3\136— 7 ]
T oggef W2OL4FCT N 03134 S ] ]
= \  93.000.93.025 9290 92i95

034F ]

0.32 F

0.30 F

0.28

0 20 40 60 80 100
X/H

Figure 7. The particle center trajectory for k = 0.25 (two sky-blue curves with circle marker), k = 0.35
(two purple curves with square marker) at Re = 50. Solid curve represents the case driven by
pulsatile velocity, which is abbreviated as P, while NP is the acronym for non-pulsatile flow donated
by dash curve.

Figure 8a,c gives the particle center trajectory versus time (¢ = t/10°) variation with
Re at k = 0.25, and (b, d) donates different k at Re = 50. Moreover, (c,d) is the enlarged
view of (a,b) in one stable cardiac cycle (¢ = [8.8, 9.6]) illustrated by black dash line box,
respectively. Overall, TEPs are all closer to the channel centerline when Re or k increases,
whether or not in pulsatile flow. Consequently, the particle will take longer (or more
cardiac cycles) to reach TEP. As shown in Figure 8c, we define A as the dimensionless
distance between the highest and lowest position in this stable cardiac cycle, J is the
signed dimensionless distance between TEP in non-pulsatile flow and the lowest position
(negative value means the particle did not exceed TEP in non-pulsatile flow), and t* is time
in this cardiac cycle when the particle locates the lowest position. In general, the influence
of Reon J, A, t* is greater than k. As Re increases, the viscosity of the fluid decreases, thus
the drag force acts on the particle decreases. The particle, therefore, can laterally migrate
farther in systolic period, even exceeds TEP in non-pulsatile flow. Meanwhile, the particle
will take longer to migrate from the highest position to the lowest position for its longer
travel distance. As a result, Figure 8e shows that , A and t* all increase monotonously
with increasing Re. The effect of k on J, A, t* is a little more complicated. As k increases, the
particle inertia increases, and the drag force also increases. Shear gradient force increases
with increasing k, but decreases when the particle is closer to channel center. Consequently,
it can be seen from Figure 8f, §, A increases at first and then decreases when k increases, the
maximum of §, A occurs at k = 0.2. Moreover, t* was mostly unchanged with increasing k.
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Figure 8. Time history of the particle center trajectory at different Re (a,c) at k = 0.25, and different k (b,d) at Re = 50. The
variation of §, A, t* with Re (e) and k (f).

4.3. Orientation

Observed in Figure 9, the particle always rotates clockwise while migrating in the
channel, irrespective of Re, k, and whether or not in pulsatile flow. In the diastolic period,
the particle rotates much slower but still in the clockwise direction. If the particle is closer
to the channel wall, it will experience larger gradient of fluid velocity. As a result, the
smaller Re or k is, the faster the particle rotates. Figure 8 shows that, when Re < 100, TEP
of the particle is very similar, so they rotate almost at the same speed (w) which is shown
in the subplot of Figure 9a. In addition, it can be seen in the subplot of Figure 9b, the
particle rotate speed is almost linearly coherent with k. Furthermore, the moment inertia of
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the particle is proportional to the square of the particle diameter, i.e., k. Consequently, by
comparing Figure 9a,b, the influence of k on w is much larger than Re.

(@ o

-100

-200

0 (rad)

—-300

-400

(b)

(c)

=20

—-40

0 (rad)

—-60

—80

-100

t’ (s) t’ (s)

Figure 9. The particle orientation at different Re (a,c) and k (b,d). Meanwhile, (a,b) is in non-pulsatile and (c,d) in

pulsatile flow.

4.4. Damping

As mentioned before, the particle oscillates in the diastolic period which is shown
in Figure 7. We choose the particle velocity which indicates the interaction between the
particle and fluid [56] for analysis. Moreover, the particle velocity in X direction (Uy) is
preferred, because the particle velocity curve is not center symmetry in Y direction.

For better illustration, the particle velocity in X direction is normalized by: U} = Uy /Uy,.
The curves of U}, in Figure 10 are much like a spring-mass system which is underdamped.
Figure 10a shows, when Re is small, U} damps out rapidly after several quasi periods. If
Re is small enough, like Re ~ 1, over damped is expected. Obviously, in Figure 10a—f, the
damping effect becomes weaker with increasing Re. We fit the upside and downside enve-
lope curve by using exponential function for purpose. For example, A, = ¢~1599¢'+142.39
in Figure 10a, and the decay rate A = 15.99. The constants of fitting exponential function
of the upside and downside are almost the same for each Re. And the absolute values of
those constants decrease with increasing Re. The influence of k is also analyzed, but it can
be seen from Figure 11a—f that k has almost no effect on damping.
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orange color) envelope curves are fitted by exponential function.
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Figure 11. Damping of U at Re = 50 and different = (a) 0.15, (b) 0.20, (c) 0.25, (d) 0.30, (e) 0.35, (f) 0.40. Envelope
curves are fitted in the same way.

Figure 12a gives the quasi frequency (f;) of U} oscillation at different Re and k. It can
be seen from the subplot that the quasi frequency increases as increasing k, but the impact
of k on the quasi frequency is relatively small. However, the quasi frequency will not
change when Re increases except for Re = 25. As mentioned earlier, in Figure 10a, when
Re = 25, U}, damps out rapidly after several quasi periods. The first few quasi periods are
longer than the last ones, which will result in smaller quasi frequency when Re = 25.
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Figure 12. The quasi frequency (a) and damping ratio (b) at different Re and k.

As shown in Figure 12b, the damping ratio { ~ A/ (27f;), in our cases, is always
smaller than 1, which determines this is an underdamped system, and this system will die
out slower when { decreases. Additionally, { of U}, oscillation basically does not change
with variation of k, but it decreases with increasing Re, i.e., Re is the decisive parameter on
¢ [57]. A similar conclusion is made by C.A. Coulomb in 1784 by using several material
plates hanging by a metal wire with an initial torsion angle and then released to start timing
until the plate oscillation until dying out. { is only related to the viscosity of fluid and
not the material of plate. The reason for damping is the friction inside the fluid which is
called Newton’s law of friction, not the interaction friction between the plate and the fluid.
Finally, in Figure 12b, the relation between { and Re is fitted as: { = 0.83Re 064,

5. Conclusions

IB-LBM was used to simulate one neutrally buoyant circular particle migration in
2D Poiseuille channel flow driven by pulsatile and non-pulsatile velocity. The moving
domain technique is adopted to achieve that the particle can migrate in infinite channel.
The results show that the particle moving in pulsatile flow is slightly different from that
in non-pulsatile one. It will laterally migrate back to the channel centerline with small
oscillations in the spiral-shaped structure during the diastole and move back toward TEP
during the systole. The effect of Re on { is decisive. This research may shed some light
on understanding the particle behavior in Poiseuille flow driven by pulsatile velocity for
optimizing therapeutic nanoparticles system in arteries.

The limitation of this work is that Re varies only from 25 to 200. Smaller Re leads
to bigger SRT, thus the simulation will not be accurate. In contrast, bigger Re results in
smaller SRT which the simulation will diverge. Furthermore, k range only from 0.15 to
0.40. Because the channel height is set to be 100 lattice units, if k is smaller than 0.15, the
simulation resolution will not be adequate. On the other hand, if k is bigger than 0.4, half
channel width will be blocked by the particle. Parameters need to choose carefully to get
a more varied range of Re and k. This will be a future direction of this work. Another
future direction will be considering more particles or simulating particle migration in
three-dimensional pipe pulsatile flow.

Author Contributions: Conceptualization, L.H. and Z.Z.; methodology, L.H.; software, L.H.; valida-
tion, L.H. and ].D.; writing—original draft preparation, L.H.; writing—review and editing, ].D. and
Z.7.; funding acquisition, ].D. and Z.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Fundamental Research Funds for the Provincial Universi-
ties of Zhejiang (GK199900299012-026) and National Natural Science Foundation of China (Grant
Nr. 11572107).



Micromachines 2021, 12, 1075 13 of 14

Data Availability Statement: The data that support the findings of this study are available from the
first author upon reasonable request.

Conflicts of Interest: The authors report that they have no conflict of interest.

References

1.  Hu, X, Lin, J.Z;; Chen, D.M.,; Ku, X K. Influence of non-Newtonian power law rheology on inertial migration of particles in
channel flow. Biomicrofluidics 2020, 14, 14105. [CrossRef]

2. Hu, X;; Lin, J.Z;; Chen, D.M,; Ku, X.K. Stability condition of self-organizing staggered particle trains in channel flow. Microfluid
Nanofluidics 2020, 24, 25. [CrossRef]

3. Jiang, RJ.;Lin, J.Z,; Tu, C.X. Poiseuille flow-induced vibrations of a cylinder in subcritical conditions. J. Fluids Struct. 2018, 82,
272-286. [CrossRef]

4. Li, GJ.; McKinley, G.H.; Ardekani, A.M. Dynamics of particle migration in channel flow of viscoelastic fluids. J. Fluid Mech. 2015,
785, 486-505. [CrossRef]

5. Yu,ZS.;Wang, P; Lin, ].Z.; Hu, H.H. Equilibrium positions of the elasto-inertial particle migration in rectangular channel flow of
Oldroyd-B viscoelastic fluids. J. Fluid Mech. 2019, 868, 316-340. [CrossRef]

6. Zhang,].; Yuan, D.; Zhao, Q.B; Teo, A.].T.; Yan, S.; Ooi, C.H.; Li, WH.; Nguyen, N.T. Fundamentals of Differential Particle Inertial
Focusing in Symmetric Sinusoidal Microchannels. Anal. Chem. 2019, 91, 4077-4084. [CrossRef] [PubMed]

7.  Segré, G.; Silberberg, A. Behaviour of macroscopic rigid spheres in Poiseuille flow Part 2. Experimental results and interpretation.
J. Fluid Mech. 1962, 14, 136-157. [CrossRef]

8. Ho, B.P,; Leal, L.G. Migration of rigid spheres in a two-dimensional unidirectional shear flow of a second-order fluid. J. Fluid
Mech. 1976, 76, 783-799. [CrossRef]

9.  Asmolov, E.S. The inertial lift on a spherical particle in a plane Poiseuille flow at large channel Reynolds number. J. Fluid Mech.
1999, 381, 63-87. [CrossRef]

10. Matas, J.P.; Morris, J.E.,; Guazzelli, E. Inertial migration of rigid spherical particles in Poiseuille flow. J. Fluid Mech. 2004, 515,
171-195. [CrossRef]

11. Matas, J.P; Morris, ].F.; Guazzelli, E. Lateral force on a rigid sphere in large-inertia laminar pipe flow. J. Fluid Mech. 2009, 621,
59-67. [CrossRef]

12.  Hood, K;; Lee, S.; Roper, M. Inertial migration of a rigid sphere in three-dimensional Poiseuille flow. . Fluid Mech. 2015, 765,
452-479. [CrossRef]

13.  Morita, Y.; Itano, T.; Sugihara Seki, M. Equilibrium radial positions of neutrally buoyant spherical particles over the circular
cross-section in Poiseuille flow. J. Fluid Mech. 2017, 813, 750-767. [CrossRef]

14. Nakayama, S.; Yamashita, H.; Yabu, T.; Itano, T.; Sugihara Seki, M. Three regimes of inertial focusing for spherical particles
suspended in circular tube flows. |. Fluid Mech. 2019, 871, 952-969. [CrossRef]

15.  Feng, J.; Hu, H.H.; Joseph, D.D. Direct simulation of initial value problems for the motion of solid bodies in a Newtonian fluid.
Part 2. Couette and Poiseuille flows. J. Fluid Mech. 1994, 277, 271-301. [CrossRef]

16. Li, H.B,; Lu, X.Y.; Fang, H.P; Qian, Y.H. Force evaluations in lattice Boltzmann simulations with moving boundaries in two
dimensions. Phys. Rev. E 2004, 70, 26701. [CrossRef]

17. Wen, B.H,; Li, H.B.; Zhang, C.Y.; Fang, H.P. Lattice-type-dependent momentum-exchange method for moving boundaries. Phys.
Rev. E 2012, 85, 16704. [CrossRef]

18. Tao, S.; Hu, J.J.; Guo, Z.L. An investigation on momentum exchange methods and refilling algorithms for lattice Boltzmann
simulation of particulate flows. Comput. Fluids 2016, 133, 1-14. [CrossRef]

19. Inamuro, T.; Maeba, K.; Ogino, F. Flow between parallel walls containing the lines of neutrally buoyant circular cylinders. Int. |.
Multiph. Flow 2000, 26, 1981-2004. [CrossRef]

20. Shao, X.M.; Yu, Z.S.; Sun, B. Inertial migration of spherical particles in circular Poiseuille flow at moderately high Reynolds
numbers. Phys. Fluids 2008, 20, 103307. [CrossRef]

21. Abbas, M.; Magaud, P; Gao, Y.; Geoffroy, S. Migration of finite sized particles in a laminar square channel flow from low to high
Reynolds numbers. Phys. Fluids 2014, 26, 123301. [CrossRef]

22. Wang, RJ,; Sun, S.S.; Wang, W.; Zhu, Z.F. Investigation on the thermophoretic sorting for submicroparticles in a sorter with
expansion-contraction microchannel. Int. |. Heat Mass Transf. 2019, 133, 912-919. [CrossRef]

23. Wang, RJ.; Du, J.Y.; Guo, W.C.; Zhu, Z.F. Investigation on the Thermophoresis-Coupled Inertial Sorting of Submicrometer
Particles in a Microchannel. Nanoscale Microscale Thermophys. Eng. 2016, 20, 51-65. [CrossRef]

24. Du, ].Y,; Li, L; Zhuo, Q.Y.; Wang, R.J.; Zhu, Z.F. Investigation on Inertial Sorter Coupled with Magnetophoretic Effect for
Nonmagnetic Microparticles. Micromachines 2020, 11, 566. [CrossRef] [PubMed]

25. Zhao, Q.B.; Yuan, D.; Zhang, J.; Li, WH. A Review of Secondary Flow in Inertial Microfluidics. Micromachines 2020,
11, 461. [CrossRef] [PubMed]

26. RazaviBazaz, S.; Mashhadian, A.; Ehsani, A.; Saha, S.C.; Kriiger, T.; Ebrahimi Warkiani, M. Computational inertial microfluidics:
A review. Lab Chip 2020, 20, 1023-1048. [CrossRef] [PubMed]

27. Mutlu, B.R; Edd, J.E; Toner, M. Oscillatory inertial focusing in infinite microchannels. Proc. Natl. Acad. Sci. USA 2018, 115,

7682-7687. [CrossRef]


http://doi.org/10.1063/1.5134504
http://doi.org/10.1007/s10404-020-2329-4
http://doi.org/10.1016/j.jfluidstructs.2018.07.004
http://doi.org/10.1017/jfm.2015.619
http://doi.org/10.1017/jfm.2019.188
http://doi.org/10.1021/acs.analchem.8b05712
http://www.ncbi.nlm.nih.gov/pubmed/30669838
http://doi.org/10.1017/S0022112062001111
http://doi.org/10.1017/S002211207600089X
http://doi.org/10.1017/S0022112098003474
http://doi.org/10.1017/S0022112004000254
http://doi.org/10.1017/S0022112008004977
http://doi.org/10.1017/jfm.2014.739
http://doi.org/10.1017/jfm.2016.881
http://doi.org/10.1017/jfm.2019.325
http://doi.org/10.1017/S0022112094002764
http://doi.org/10.1103/PhysRevE.70.026701
http://doi.org/10.1103/PhysRevE.85.016704
http://doi.org/10.1016/j.compfluid.2016.04.009
http://doi.org/10.1016/S0301-9322(00)00007-0
http://doi.org/10.1063/1.3005427
http://doi.org/10.1063/1.4902952
http://doi.org/10.1016/j.ijheatmasstransfer.2018.12.126
http://doi.org/10.1080/15567265.2015.1124159
http://doi.org/10.3390/mi11060566
http://www.ncbi.nlm.nih.gov/pubmed/32486500
http://doi.org/10.3390/mi11050461
http://www.ncbi.nlm.nih.gov/pubmed/32354106
http://doi.org/10.1039/C9LC01022J
http://www.ncbi.nlm.nih.gov/pubmed/32067001
http://doi.org/10.1073/pnas.1721420115

Micromachines 2021, 12, 1075 14 of 14

28.
29.

30.

31.
32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

Di Carlo, D. Inertial microfluidics. Lab Chip 2009, 9, 3038-3046. [CrossRef]

Dai, Y.L.; Xu, C.; Sun, X.L.; Chen, X.Y. Nanoparticle design strategies for enhanced anticancer therapy by exploiting the tumour
microenvironment. Chem. Soc. Rev. 2017, 46, 3830-3852. [CrossRef]

Mitchell, M.].; Billingsley, M.M.; Haley, R M.; Wechsler, M.E.; Peppas, N.A.; Langer, R. Engineering precision nanoparticles for
drug delivery. Nat. Rev. Drug Discov. 2021, 20, 101-124. [CrossRef] [PubMed]

Aidun, C.K; Clausen, J.R. Lattice-Boltzmann Method for Complex Flows. Annu. Rev. Fluid Mech. 2010, 42, 439—472. [CrossRef]
Elghobashi, S. Direct Numerical Simulation of Turbulent Flows Laden with Droplets or Bubbles. Annu. Rev. Fluid Mech. 2019, 51,
217-244. [CrossRef]

Ladd, A.J.C,; Verberg, R. Lattice-Boltzmann Simulations of Particle-Fluid Suspensions. . Stat. Phys. 2001, 104, 1191-1251. [CrossRef]
Rettinger, C.; Riide, U. A comparative study of fluid-particle coupling methods for fully resolved lattice Boltzmann simulations.
Comput. Fluids 2017, 154, 74-89. [CrossRef]

Eshghinejadfard, A.; Hosseini, S.A.; Thévenin, D. Fully-resolved prolate spheroids in turbulent channel flows: A lattice Boltzmann
study. AIP Adv. 2017, 7, 95007. [CrossRef]

Rettinger, C.; Riide, U. A coupled lattice Boltzmann method and discrete element method for discrete particle simulations of
particulate flows. Comput. Fluids 2018, 172, 706-719. [CrossRef]

Eshghinejadfard, A.; Abdelsamie, A.; Hosseini, S.A.; Thévenin, D. Immersed boundary lattice Boltzmann simulation of turbulent
channel flows in the presence of spherical particles. Int. |. Multiph. Flow 2017, 96, 161-172. [CrossRef]

Karimnejad, S.; Amiri Delouei, A.; Nazari, M.; Shahmardan, M.M.; Mohamad, A.A. Sedimentation of elliptical particles
using Immersed Boundary — Lattice Boltzmann Method: A complementary repulsive force model. J. Mol. Lig. 2018, 262,
180-193. [CrossRef]

Thorimbert, Y.; Marson, F.; Parmigiani, A.; Chopard, B.; Litt, . Lattice Boltzmann simulation of dense rigid spherical particle
suspensions using immersed boundary method. Comput. Fluids 2018, 166, 286-294. [CrossRef]

Jebakumar, A.S.; Magi, V.; Abraham, J. Lattice-Boltzmann simulations of particle transport in a turbulent channel flow. Int. ]. Heat
Mass Transf. 2018, 127, 339-348. [CrossRef]

Peng, C.; Ayala, O.M.; Wang, L.P. A comparative study of immersed boundary method and interpolated bounce-back scheme for
no-slip boundary treatment in the lattice Boltzmann method: Part I, laminar flows. Comput. Fluids 2019, 192, 104233. [CrossRef]
Geneva, N.; Peng, C.; Li, XM.; Wang, L.P. A scalable interface-resolved simulation of particle-laden flow using the lattice
Boltzmann method. Parallel Comput. 2017, 67, 20-37. [CrossRef]

Jebakumar, A.S.; Premnath, K.N.; Magi, V.; Abraham, J. Fully-resolved direct numerical simulations of particle motion in a
turbulent channel flow with the lattice-Boltzmann method. Comput. Fluids 2019, 179, 238-247. [CrossRef]

Qian, Y.H.; D’'Humiéres, D.; Lallemand, P. Lattice BGK Models for Navier-Stokes Equation. EPL 1992, 17, 479-484. [CrossRef]
He, X.Y,; Luo, L.S. Lattice Boltzmann Model for the Incompressible Navier-Stokes Equation. J. Stat. Phys. 1997, 88,
927-944. [CrossRef]

Lallemand, P; Luo, L.S. Lattice Boltzmann method for moving boundaries. J. Comput. Phys. 2003, 184, 406—421. [CrossRef]

Mei, RW.; Da Yu, Z.; Shyy, W.; Luo, L.S. Force evaluation in the lattice Boltzmann method involving curved geometry. Phys. Rev.
E 2002, 65, 41203. [CrossRef] [PubMed]

Aidun, C.K,; Lu, Y.N.; Ding, E.J. Direct analysis of particulate suspensions with inertia using the discrete Boltzmann equation. J.
Fluid Mech. 1998, 373, 287-311. [CrossRef]

Yuan, X.F; Ball, R.C. Rheology of hydrodynamically interacting concentrated hard disks. J. Chem. Phys. 1994, 101,
9016-9021. [CrossRef]

Pirola, S.; Cheng, Z.; Jarral, O.A.; O’'Regan, D.P,; Pepper, ].R.; Athanasiou, T.; Xu, X.Y. On the choice of outlet boundary conditions
for patient-specific analysis of aortic flow using computational fluid dynamics. J. Biomech. 2017, 60, 15-21. [CrossRef] [PubMed]
Hu, X,; Lin, J.Z.; Ku, X.K. Inertial migration of circular particles in Poiseuille flow of a power-law fluid. Phys. Fluids 2019,
31, 73306.

Nie, D.M.; Lin, J.Z. Simulation of sedimentation of two spheres with different densities in a square tube. J. Fluid Mech. 2020,
896, A12. [CrossRef]

Di Chen, S.; Pan, TW.; Chang, C.C. The motion of a single and multiple neutrally buoyant elliptical cylinders in plane Poiseuille
flow. Phys. Fluids 2012, 24, 103302. [CrossRef]

Qian, S.Z.; Jiang, M.Q.; Liu, Z.H. Inertial migration of aerosol particles in three-dimensional microfluidic channels. Particuology
2021, 55, 23-34. [CrossRef]

Barkla, H.M.; Auchterlonie, L.J. The Magnus or Robins effect on rotating spheres. . Fluid Mech. 1971, 47, 437-447. [CrossRef]
Mahmoud, G.M.; Ahmed, M.E. Chaotic and Hyperchaotic Complex Jerk Equations. Int. ]. Mod. Nonlinear Theory Appl. 2012, 01,
6-13. [CrossRef]

Schaaf, C.; Stark, H. Particle pairs and trains in inertial microfluidics. Eur. Phys. J. E 2020, 43, 50. [CrossRef]


http://doi.org/10.1039/b912547g
http://doi.org/10.1039/C6CS00592F
http://doi.org/10.1038/s41573-020-0090-8
http://www.ncbi.nlm.nih.gov/pubmed/33277608
http://doi.org/10.1146/annurev-fluid-121108-145519
http://doi.org/10.1146/annurev-fluid-010518-040401
http://doi.org/10.1023/A:1010414013942
http://doi.org/10.1016/j.compfluid.2017.05.033
http://doi.org/10.1063/1.5002528
http://doi.org/10.1016/j.compfluid.2018.01.023
http://doi.org/10.1016/j.ijmultiphaseflow.2017.07.011
http://doi.org/10.1016/j.molliq.2018.04.075
http://doi.org/10.1016/j.compfluid.2018.02.013
http://doi.org/10.1016/j.ijheatmasstransfer.2018.06.107
http://doi.org/10.1016/j.compfluid.2019.06.032
http://doi.org/10.1016/j.parco.2017.07.005
http://doi.org/10.1016/j.compfluid.2018.11.003
http://doi.org/10.1209/0295-5075/17/6/001
http://doi.org/10.1023/B:JOSS.0000015179.12689.e4
http://doi.org/10.1016/S0021-9991(02)00022-0
http://doi.org/10.1103/PhysRevE.65.041203
http://www.ncbi.nlm.nih.gov/pubmed/12005812
http://doi.org/10.1017/S0022112098002493
http://doi.org/10.1063/1.468029
http://doi.org/10.1016/j.jbiomech.2017.06.005
http://www.ncbi.nlm.nih.gov/pubmed/28673664
http://doi.org/10.1017/jfm.2020.291
http://doi.org/10.1063/1.4757387
http://doi.org/10.1016/j.partic.2020.08.001
http://doi.org/10.1017/S0022112071001150
http://doi.org/10.4236/ijmnta.2012.11002
http://doi.org/10.1140/epje/i2020-11975-6

	Introduction 
	Method and Problem 
	Lattice Boltzmann Method 
	Improved Bounce-Back Scheme 
	Force, Torque, and Particle Motion 
	Problem 

	Validation 
	Results and Discussions 
	Fluid and Particle Interaction 
	Trajectory 
	Orientation 
	Damping 

	Conclusions 
	References

