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Abstract: The hydrodynamic properties of a squirmer type of self-propelled particle in a simple
shear flow are investigated using the immersed boundary-lattice Boltzmann method in the range
of swimming Reynolds number 0.05 < Re; < 2.0, flow Reynolds number 40 < Rep < 160, blocking
rate 0.2 < x < 0.5. Some results are validated by comparing with available other results. The effects
of Res, Rep and x on the hydrodynamic properties of squirmer are discussed. The results show that
there exist four distinct motion modes for the squirmer, i.e., horizontal mode, attractive oscillation
mode, oscillation mode, and chaotic mode. Increasing Res causes the motion mode of the squirmer to
change from a constant tumbling near the centerline to a stable horizontal mode, even an oscillatory
or appealing oscillatory mode near the wall. Increasing the swimming intensity of squirmer under
the definite Res; will induce the squirmer to make periodic and stable motion at a specific distance
from the wall. Increasing Re, will cause the squirmer to change from a stable swimming state to a
spiral motion or continuous rotation. Increasing x will strengthen the wall’s attraction to the squirmer.
Increasing swimming intensity of squirmer will modify the strength and direction of the wall’s
attraction to the squirmer if ¥ remains constant.

Keywords: self-propelled particles; hydrodynamic properties; simple shear flow; immersed boundary-lattice
Boltzmann method

1. Introduction

Various movements of self-propelled particles play an essential role in the medicinal,
biophysical and engineering applications. Sperm, bacteria, protists and algae are examples
of self-propelled microorganisms in nature. They achieve self-propulsion by using their
own motor organs such as cilia and flagella, tail and fins, cell deformation and so on.
Movement of microorganisms is associated with a variety of biological activities such
as sperm swimming in mammalian cervical mucus [1], biofilm formation [2], paramecia
swimming to avoid predators [3], and bacteria and algae coordinating their movement to
nutrient-rich habitats [4]. The motion of self-propelled particles in the flow will be affected
by the fluid motion, with the motion of self-propelled particles in the shear flow being of
special importance [5-7].

Algarni and Bearon [8] found that cells would generate a spiral swimming trajectory
in the weak shear flow but could achieve a stable equilibrium direction in the strong shear
flow. They also numerically simulated the trajectories of cells in a non-uniformly sheared
vertical channel flow and found that helical swimming cells would aggregate toward or
away from the channel center. Ishimoto and Crowdy [9] provided an analytical solution
for the motion of circular self-driven particles in a simple shear flow near a non-slip wall,
and demonstrated that particles couldn’t migrate stably at a fixed distance from the wall,
but could only oscillate periodically along the wall or move away from it. According to the
results given by Ishimoto and Gaffney [10], the fluid rheology could be used to direct sperm
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into the egg, and sperm moved under the combined effect of self-driving, wall constraint
and fluid shear force. Jiang and Chen [11] investigated the dispersion model of dilute
suspensions of self-propelled particle in a confined flow and found that the accumulation of
spherical particles in shear flow would reduce overall dispersion, whereas the accumulation
of rod-like self-propelled particles in shear flow would increase dispersibility because
the particles were aligned with the streamlines. Brady et al. [12] simulated the stress
tensor and diffusion tensor of spherical particles in the simple shear flow and pressure-
driven flow. Hagen et al. [13] studied the Brownian motion of self-propelled particles
in a linear shear flow, and indicated that the particles moved at a constant speed along
the wave direction and were subjected to a constant torque. In addition, Wagner and
Kalman [14] developed the flow-ultra-small-angle neutron scattering method for probing
colloidal microstructures under steady-state flow conditions, and found that the formation
of water clusters caused reversible shear thickening in colloidal suspensions due to the
predominance of short-range lubrication- hydrodynamic interactions at relatively high
shear rates. Siebenbiirger et al. [15] conducted comprehensive research of viscoelasticity
and shear flow of concentrated amorphous colloidal suspensions. Lettinga and Dhont [16]
investigated the phase and flow behavior of rod-shaped particles in the shear flow, and
calculated the whole phase diagram of rod-shaped particles from low concentration to
two-phase area and to nematic region. Blaak et al. [17] investigated the effect of shear flow
on homogeneous crystal nucleation and found that a uniform shear rate could significantly
reduce crystal nucleation rate while increasing critical nucleation size. They also indicated
that the nuclei orientation was inclined with respect to the shearing direction. Dhont and
Nagele [18] examined the critical viscoelastic behavior of colloidal suspensions and found
that the microstructural distortion generated by static shear flow had a significant impact
on the spectrum of the linear viscoelastic response function.

It can be seen from the above research that there is still a lack of studies on the effects
of swimming Reynolds number, flow Reynolds number and blocking rate on the hydrody-
namic properties and stable equilibrium position of self-propelled particle. Therefore, the
aim of this study is to numerically simulate the hydrodynamic properties of self-propelled
particles moving in a simple shear flow using the lattice Boltzmann-immersed boundary
method, and explore the effects of swimming Reynolds number, flow Reynolds number
and blocking rate on the hydrodynamic properties and stable equilibrium position of
self-propelled particle.

2. Basic Model
2.1. Squirmer Model

The squirmer model proposed by Lighthill [19] and Blake [20] has been widely used
in the study of self-propelled particles. The model of two-dimensional squirmer driven
with tangential surface velocity is:

ug = By sinf + 2B, sin 0 cos 6, D

the squirmer’s self-driving velocity is determined by the first term on the right hand side of
Equation (1), U/ge—o = B1/2 and an irrotational velocity field with a decay rate of 1/7? is
generated; the second term is related to the squirmer’s stress, which causes the Stokes flow
to decay at a rate of 1/7, generating vortices near the squirmer surface [21]. Squirmers are
classified into three categories based on the values of f = B,/B1(B; > 0): puller (B > 0),
pusher (8 < 0), and neutral squirmer (8 < 0). Puller, such as Chlamydomonas, creates
thrust from the front with a breaststroke-like motion. Pusher, such as E. coli, pushes itself
forward with their backward flagella [22].
Squirmer is assumed a rigid body, and the squirmer’s motion is described by the
Newton’s second law:
d>x. d(J-Q)
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where m and x. represent the squirmer’s mass and centroid position, respectively; | and
Q) represent the squirmer’s moment of inertia and angular velocity, respectively; F and T
represent the force and torque exerted by the fluid on the squirmer, respectively.

2.2. Collision Mode

There will be an interaction between the squirmer and wall when the squirmer is close
to the wall. The short-range repulsion model provided by Glowinski et al. [23] is employed
to avoid the overlapping of squirmer and the wall:

fr = (3)

{CE'" (=2 Yer, d < dyy + A

(0,0), d>dyim+2ar
where C,, = MU?/ay is the characteristic force; M, U are ag the squirmers’ mass, velocity
and radius, respectively; ¢ = 10~% is a constant positive value; d is the distance between the
squirmer and the wall; d,;;;, = a9 is the minimum possible distance between the squirmer
and the wall; Ar = 2Ax represents the size of the two lattices in the numerical simulation,
which is the area where the repulsion exists; e, indicates that the center of the squirmer
points to the normal direction of the wall.

3. Numerical Methods and Verification
3.1. Immersion Boundary-Lattice Boltzmann Method

The immersed boundary-lattice Boltzmann method [24,25] is utilized. In this method,
the regular Euler grid is used in the flow and the lattice Boltzmann equation is solved with
the velocity discrete model of DAQm to obtain the macroscopic information of the flow.
The Lagrangian grid is used to model particles moving in the flow, and two sets of grids
are used to exchange force and velocity information between the Lagrangian points of the
particle border and the Euler points of the surrounding flow.

The N-S equation for an incompressible flow is:

ou _ VP Pt
at—l—(uV)u— 5 +qu+f 4)
Vu=0, ®)

where p, 1 and p are the fluid density, velocity and pressure, respectively; f is the external
force exerting on the fluid.
The D2Q9 velocity model [26] is employed and the appropriate velocity vector is:

(0,00 a=0
e =4 (£1,0),(0,£1)a =1 ~4. (6)
(£1,+1) a=5~38

The corresponding single relaxed lattice Boltzmann equation with external force term
is:
1 w
fulx +eaAt,t+ AE) = fo(x,t) — = [f“(x, ) — fal(x, t)] + Atcizpe,yf, @)
S

where At is the time step of simulation; 7 is the relaxation time; f,(x,t) is the density
distribution function of fluid particle for the velocity direction ¢, in x at time f; ¢s =
c/V/3 = 1/+/3 is the speed of sound; f is an external force; w, is the weight function,
wy = 4/9, wy = 1/9fora = 1—4, wy, = 1/36fora = 5—8; f," is the equilibrium
distribution function:

1+

+ 1.
c2 2¢2 2¢2
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The macroscopic velocity and density of the fluid are:

p=Y fu, pu=)_ fatu. )

For the exchange of velocity and force information between the solid boundary and
the flow, the force exerted on the solid boundary by the fluid is:

U (x,t + At) — U*(x, t + At)
At ’

F(x,t) = (10)

where U“(x, t) is determined by the motion of the particle. As shown in Figure 1, at the point

Xp, Ud(xb, t) is the sum of translational and rotational velocities of the particle,U*(x}, t) is
obtained by interpolating the fluid around the boundary:

U*(xp,t) =YD (xf — xb) u* (xf, t), (11)

where u* (x r t) is the fluid velocity at x; without considering the external force; D(x) is a
two-dimensional Dirac delta function [27].

the Kulpr noirts
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Figure 1. Distribution of Euler points and Lagrangian points.

Similar to Equation (10), the forces exerted on the fluid by the solid boundary is:
f(Xf, t) ~Y'D (Xf . Xb) E(Xp t). (12)
b

where F is the force exerted on the solid boundary by fluid, D is the Dirac delta function.

3.2. Verification of Numerical Method

As shown in Figure 2, the motion of a single particle in a Newtonian shear flow is
simulated to verify the validity and accuracy of the method in dealing with the fluid-
particle problem. Firstly, the different periodic channel lengths (1000, 2000 and 3000) are
set in the flow direction to simulate the particle trajectory, and the results are shown in
Figure 3 where we can see that the results are almost the same for the three lengths, so
the channel length L and width H are selected as 2000 x 80Ax in the following simulation.
The present numerical results of particle trajectory are shown in Figure 4 where the other
results [28-30] are also given as a comparison, it can be seen that the results simulated by
different methods agree well.
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Figure 3. Particle trajectories for different channel lengths.
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Figure 4. Comparison of particle trajectories. A: Ref. [28]; o: Ref. [29]; m: Ref. [30]; —: present result.

4. Results and Discussion

As shown in Figure 5, a squirmer with a diameter of 20Ax is released in a simple shear
flow with an initial inclination angle 6 and a distance & from the wall. The channel length
L is set to 100D with D being the squirmer’s diameter, the blocking rate xk = D/H, and
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x = 0.25 unless otherwise specified. The flow Reynolds number is defined as
Rey, = 2U, H/ p with U, being the velocity difference between upper and lower walls. The
swimming Reynolds number is defined as Re; = B1d/2v, where B is related to swimming
strength as shown in Equation (1) and v is the kinematic viscosity. No-slip and impenetra-
ble boundary conditions are used for the upper and lower walls, and periodic boundary
conditions are used at the inlet and outlet.

> D g

Figure 5. Initial condition of squirmer in a simple shear flow.

4.1. Effect of Initial Condition on the Squirmer’s Motion

A puller with initial positions & = 0.75 d, d, 1.25 d and initial orientation angles
6 = 0°, 45°, 90° is released in a simple shear flow, and the changes of trajectory and
orientation angle of puller with time are shown in Figure 6. We can see that the changes of
trajectory and orientation angle of puller are independent of initial conditions. Therefore,
the initial position and orientation angle are set to 1 = 0.75 d and 6 = 0°, respectively, in the
following simulation.

2.25 T r T T T T
8000 L | 6=0°h=075d |
2.00 |- 0=45° h=0.75d
0=90°,h=0.75d
1.75 0=0°,h=0.75d 6=00° h=d
0=45°h=0.75d 6000 - .
1.50 6=90°,h=0.75d|
2 6=90°,h=d N
>
1.25 i 4000 | i
1.00 -
2000 i
0.75 i
0.50 L L L 0 | ) ) )
0 2 4 6 8 0 2 4 6 8 10
txB,/2d
1 txB,/2d

(a) (b)

Figure 6. Changes of (a) trajectory and (b) orientation angle of a puller with time in simple shear
flow (Re, =80, Res =1, B =5).

4.2. Effect of the Swimming Reynolds Number

To explore the effect of Res; on the motion pattern of a squirmer swimming near the
wall, a squirmer with a radius of 20Ax is released in the flow. Figure 7 shows the changes of
trajectory and orientation angle of a squirmer along the flow direction for different Res; and
B, it can be seen that there exist four distinct modes for squirmer motion, i.e., horizontal
mode, attractive oscillation mode, oscillation mode, and chaotic mode. When Res = 0.1,
the squirmer will keep rolling as it moves to a constant position near the centerline of the
channel, and will make a steady horizontal motion above (Re; = 1.0, B = 3) or below
(Res = 0.5, B = 5) the midline as Res grows.
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Figure 7. Changes of (a) trajectory and (b) orientation angle of a squirmer along the flow direction
for different Res and B (Rep = 80).

When Res continues to increase to 1.5, the repulsion force exerted on the squirmer
by the wall decreases because Re; = B1d/2v, the larger Re; is, the larger 4 is, the smaller
the repulsion force is, as shown in Equation (3), and an attractive oscillation mode (3 = 5)
or oscillation mode (3 = 3) will be formed near the wall, which is similar to the trend of
squirmer moving near the non-slip wall [10]. When g increases from 3 to 5, the squirmer
will escape from the wall and make a periodic stable motion at a specific distance from the
wall at Re; = 1.5 because the self driving ability of squirmer is enhanced with the increase
of swimming intensity. The phase diagram of Res and f8 for the transition of different modes
are shown in Figure 8.

g T T T T T T T T
L = v
6|
- | |
4 _
L ] L v
2L .
@ 0 -
I v
-2 L -
- 4 ® )
_4 - -
- ] [ ] v v
-6 |- -
I L] v v
_8 L 1 L 1 L 1 1 1 1
00 05 10 15 20 25
Re

Figure 8. Phase diagram of Res and p for the transition of different modes. Mode 1: horizontal; Mode
2: attractive oscillation; Mode 3: oscillation; Mode 4: chaos.

4.3. Effect of the Flow Reynolds Number

Effects of Re, and B on the motion pattern of a squirmer are shown in Figure 9 where
we can see that the puller (8 = 7) will move towards the outlet of the flow and form a
stable trajectory below the centerline when Re, = 40. However, the pusher (8 = —5) will
be attracted by the wall, move in the opposite direction after colliding with the wall first,
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and then move in the direction of the entrance across the center line, finally form a stable
trajectory above the centerline. When Re,, is increased to 60, the trajectory of the pusher
(B = —5) is more complicated, but eventually a stable motion pattern is formed below the
centerline. As Re, increases to 100, the trajectory of the pusher (8 = —5) forms a closed
loop. When Re,, continues to increase to 160, the puller (8 = 7) will move to the centerline
and form a spiral trajectory near the centerline. However, the pusher (8 = —5) will keep
rotating at a fixed position close to the centerline because an increase of Re, means an
increase in shear strength, causing the pusher to gradually change from a stable motion
state to a non-stop rotating or helical motion, which is similar to the sperm swimming
up and down in the airflow when the airflow to the uterus is generated in the oviduct of
mammals [11]. The phase diagram of Re, and p for the transition of different modes are
shown in Figure 10.

14,000 L 7
—— Rep=140,5=-5 ——Rep=40,= -5
—— Rep=40.5=1 12’000 —Rep=40,,8=7 -
—— Rep=60,5=—5 | ——Rep=60,p=—5
—— Re,=100,5= —,T 10,000 ——Rep=100,/=-5 ~
~—— Rep=160,=—5 ——Rep=160,/==5 4
Rey=160,4=7 8000 ——Rep=160,=7
X NTITII AAYY ‘VI "‘f’m,‘p“ @ )
Ip A A “"‘“‘, A -‘ “f‘,k‘:‘_,w J\ﬂ f H : ”:,—“:U ],‘”“,‘“‘"1‘ 6000 7
: 4000 7
| 2000 N
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1 1 1 1 1
-2000 1 L L L v
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x/H x/H

(a) (b)

Figure 9. Changes of (a) trajectory and (b) orientation angle of a squirmer along the flow direction
for different Rey and B (Res = 0.5).
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Figure 10. Phase diagram of Re, and B for the transition of different modes. Mode 1: horizontal;
Mode 2: attractive oscillation; Mode 3: oscillation; Mode 4: chaos.

4.4. Effect of the Blocking Rate

Figure 11 shows the effects of x and B on the motion pattern of a squirmer. It can
be seen that, with the increase of x, the motion pattern of a squirmer changes from both
periodic motion (8 = 7) and attractive oscillation (8 = 5) to the horizontal motion, and
the squirmer finally moves stably near the lower wall. The reason can be attributed to
that increasing k will change the magnitude of the total moment exerted on the squirmer,
making it move horizontally and stably. As x increases from 0.2 to 0.25, it can be clearly
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found that the motion direction of squirmer is diametrically opposite for B = 3, the
equilibrium position during stable motion also changes from below the centerline to above
the centerline. Furthermore, with the increase of , the motion pattern of squirmer changes
from a horizontal mode (8 = 3) near the upper wall to an appealing oscillation mode
(B = —5) near the lower wall at x = 0.25, and finally to an oscillation mode near the
midline (8 = 7), the direction and strength of the attraction force of the wall to the squirmer
will change. The phase diagram of « and § for the transition of different modes are shown
in Figure 12.

Figure 11. Changes of (a) trajectory and (b) orientation angle of a squirmer along the flow direction
for different x and 8 (Res = 1.0, Re, = 80).

T T T T T T
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Figure 12. Phase diagram of x and f for the transition of different modes. Mode 1: horizontal; Mode
2: attractive oscillation; Mode 3: oscillation; Mode 4: chaos.

5. Conclusions

The hydrodynamic properties of a squirmer type of self-propelled particle in a simple
shear flow are investigated using the immersed boundary-lattice Boltzmann method. The
present numerical results of particle trajectory are compared with the literature data, and
the results agree well. The main conclusions are summarized as follows: there exist four
distinct motion modes for the squirmer, i.e., horizontal mode, attractive oscillation mode,
oscillation mode, and chaotic mode. The changes of trajectory and orientation angle of
puller are independent of the initial conditions. Increasing Res causes the motion mode
to change from a constant tumbling near the centerline to a stable horizontal mode, even
an oscillatory or appealing oscillatory mode near the wall. Increasing p will induce the
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squirmer to make periodic and stable motion at a specific distance from the wall. The
squirmer will form a stable pattern of horizontal motion above or below the channel
centerline when Re, = 40 — 60. At large Rey, the squirmer’s trajectory will become
closed loop, spiral, or even chaotic. Increasing x will strengthen the wall’s attraction to the
squirmer, make the squirmer’s motion progressively become steady, and cause the squirmer
to move from an oscillation mode to attracting oscillation mode, and finally to horizontal
motion mode. Increasing 8 will modify the strength and direction of the wall’s attraction to
the squirmer. The conclusions obtained in this paper have reference value for mastering
the hydrodynamic characteristics of self-propelled particles and controlling them.

Author Contributions: Conceptualization, J.L. and T.Q.; methodology, T.Q. and Z.O.; software,
T.Q.; validation, Z.0O.; formal analysis, T.Q. and J.L.; investigation, T.Q. and J.L.; resources, T.Q.;
data curation, T.Q.; writing—original draft preparation, T.Q.; writing—review and editing, J.L.;
visualization, T.Q.; supervision, J.L.; project administration, J.L.; funding acquisition, J.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China (Grant no.
12132015).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Suarez, S.S.; Pacey, A.A. Sperm transport in the female reproductive tract. Hum. Reprod. Update 2006, 12, 23-37. [CrossRef]
[PubMed]

2. Pedley, T,; Kessler, ].O. Hydrodynamic Phenomena in Suspensions of Swimming Microorganisms. Annu. Rev. Fluid Mech. 1992,
24,313-358. [CrossRef]

3. Hamel, A;; Fisch, C.; Combettes, L.; Dupuis-Williams, P.; Baroud, C.N. Transitions between three swimming gaits in Paramecium
escape. Proc. Natl. Acad. Sci. USA 2011, 108, 7290-7295. [CrossRef]

4.  Lee, T.C;Long, D.S,; Clarke, R]. Effect of endothelial glycocalyx layer redistribution upon microvessel poroelastohydrodynamics.
J. Fluid Mech. 2016, 798, 812-852. [CrossRef]

5. Muhuri, S.; Rao, M.; Ramaswamy, S. Shear-flow—induced isotropic-to-nematic transition in a suspension of active filaments.
Europhys. Lett. 2007, 78, 48002. [CrossRef]

6.  Pahlavan, A.A,; Saintillan, D. Instability regimes in flowing suspensions of swimming micro-organisms. Phys. Fluids 2011,
23, 123304. [CrossRef]

7. Koch, D.L.; Subramanian, G. Collective hydrodynamics of swimming microorganisms: Living fluids. Annu. Rev. Fluid Mech.
2011, 43, 637-659. [CrossRef]

8. Algarni, M.S.; Bearon, R.N. Transport of helical gyrotactic swimmers in channels. Phys. Fluids 2016, 28, 071904. [CrossRef]

9.  Ishimoto, K.; Crowdy, D.G. Dynamics of a treadmilling microswimmer near a no-slip wall in simple shear. J. Fluid Mech. 2017,
821, 647-667. [CrossRef]

10. Ishimoto, K.; Gaffney, E.A. Fluid flow and sperm guidance: A simulation study of hydrodynamic sperm rheotaxis. J. R. Soc.
Interface 2015, 12, 20150172. [CrossRef]

11. Jiang, W.; Chen, G. Dispersion of active particles in confined unidirectional flows. J. Fluid Mech. 2019, 877, 1-34. [CrossRef]

12.  Swan, ].W,; Brady, J.F. Particle motion between parallel walls: Hydrodynamics and simulation. Phys. Fluids 2010, 22, 103301.
[CrossRef]

13. ten Hagen, B.; Wittkowskim, R.; Lowen, H. Brownian dynamics of a self-propelled particle in shear flow. Phys. Rev. E Stat.
Nonlinear Soft Matter Phys. 2011, 84, 031105. [CrossRef] [PubMed]

14. Kalman, D.P.; Wagner, N.J. Microstructure of shear-thickening concentrated suspensions determined by flow-USANS. Rheol. Acta
2009, 48, 897-908. [CrossRef]

15.  Crassous, J.J.; Wittemann, A.; Siebenburger, M.; Schrinner, M.; Drechsler, M.; Ballauff, M. Direct imaging of temperature-sensitive
core-shell latexes by cryogenic transmission electron microscopy. Colloid Polym. Sci. 2008, 286, 805-812. [CrossRef]

16. Lettinga, M.P; Dhont, ].K.G. Non-equilibrium phase behavior of rod-like viruses under shear flow. J. Phys. Condens. Matter 2004,
16, 53929. [CrossRef]

17. Blaak, R.; Auer, S.; Frenkel, D.; Lowen, H. Crystal nucleation of colloidal suspensions under shear. Phys. Rev. Lett. 2004, 93, 68303.

[CrossRef]


http://doi.org/10.1093/humupd/dmi047
http://www.ncbi.nlm.nih.gov/pubmed/16272225
http://doi.org/10.1146/annurev.fl.24.010192.001525
http://doi.org/10.1073/pnas.1016687108
http://doi.org/10.1017/jfm.2016.337
http://doi.org/10.1209/0295-5075/78/48002
http://doi.org/10.1063/1.3529411
http://doi.org/10.1146/annurev-fluid-121108-145434
http://doi.org/10.1063/1.4958733
http://doi.org/10.1017/jfm.2017.220
http://doi.org/10.1098/rsif.2015.0172
http://doi.org/10.1017/jfm.2019.562
http://doi.org/10.1063/1.3487748
http://doi.org/10.1103/PhysRevE.84.031105
http://www.ncbi.nlm.nih.gov/pubmed/22060326
http://doi.org/10.1007/s00397-009-0351-2
http://doi.org/10.1007/s00396-008-1873-3
http://doi.org/10.1088/0953-8984/16/38/011
http://doi.org/10.1103/PhysRevLett.93.068303

Entropy 2022, 24, 854 11 of 11

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

Dhont, ].K.G.; Nagele, G. Critical viscoelastic behavior of colloids. Phys. Rev. E 1998, 58, 7710-7732. [CrossRef]

Lighthill, M.]. On the squirming motion of nearly spherical deformable bodies through liquids at very small Reynolds numbers.
Commun. Pure Appl. Math. 1952, 5, 109-118. [CrossRef]

Blake, J.R. A spherical envelope approach to ciliary propulsion. J. Fluid Mech. 1971, 46, 199-208. [CrossRef]

Blake, J.R. Self-propulsion due to oscillations on the surface of a cylinder at low Reynolds number. Bull. Aust. Math. Soc. 1971,
5,255-264. [CrossRef]

Chisholm, N.G.; Legendre, D.; Lauga, E.; Khair, A.S. A squirmer across Reynolds numbers. J. Fluid Mech. 2016, 796, 233-256.
[CrossRef]

Glowinski, R.; Pan, TW.; Hesla, T.1; Joseph, D.D.; Periaux, J. A fictitious domain approach to the direct numerical simulation
of incompressible viscous flow past moving rigid bodies: Application to particulate flow. J. Comput. Phys. 2001, 169, 363—426.
[CrossRef]

Dupuis, A.; Chatelain, P.; Koumoutsakos, P. An immersed boundary-lattice-Boltzmann method for the simulation of the flow
past an impulsively started cylinder. . Comput. Phys. 2008, 227, 4486—4498. [CrossRef]

Yu, Z.S.; Wu, TH.; Shao, X.M.; Lin, ].Z. Numerical studies of the effects of large neutrally buoyant particles on the flow instability
andtransition to turbulence in pipe flow. Phys. Fluids 2013, 25, 043305. [CrossRef]

Qian, Y.H.; D’"Humieres, D.; Lallemand, P. Lattice BGK models for Navier-Stokes equation. Europhys. Lett. 1992, 17, 479-484.
[CrossRef]

Peskin, C.S.; Peskin, C.S. Numerical analysis of blood flow in the heart. J. Comput. Phys. 1977, 25, 220-252. [CrossRef]

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 1. Sedimentation. J. Fluid Mech. 1994, 261, 95-134. [CrossRef]

Feng, Z.G.; Michaelides, E.E. Interparticle forces and lift on a particle attached to a solid boundary in suspension flow. Phys.
Fluids 2002, 14, 49-60. [CrossRef]

Feng, Z.G.; Michaelides, E.E. The immersed boundary-lattice Boltzmann method for solving fluid—particles interaction problems.
J. Comput. Phys. 2004, 195, 602-628. [CrossRef]


http://doi.org/10.1103/PhysRevE.58.7710
http://doi.org/10.1002/cpa.3160050201
http://doi.org/10.1017/S002211207100048X
http://doi.org/10.1017/S0004972700047134
http://doi.org/10.1017/jfm.2016.239
http://doi.org/10.1006/jcph.2000.6542
http://doi.org/10.1016/j.jcp.2008.01.009
http://doi.org/10.1063/1.4802040
http://doi.org/10.1209/0295-5075/17/6/001
http://doi.org/10.1016/0021-9991(77)90100-0
http://doi.org/10.1017/S0022112094000285
http://doi.org/10.1063/1.1426389
http://doi.org/10.1016/j.jcp.2003.10.013

	Introduction 
	Basic Model 
	Squirmer Model 
	Collision Mode 

	Numerical Methods and Verification 
	Immersion Boundary-Lattice Boltzmann Method 
	Verification of Numerical Method 

	Results and Discussion 
	Effect of Initial Condition on the Squirmer’s Motion 
	Effect of the Swimming Reynolds Number 
	Effect of the Flow Reynolds Number 
	Effect of the Blocking Rate 

	Conclusions 
	References

