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ABSTRACT
While cilia are generally found in viscosity-dominated regimes, those of a comb jelly, the longest motile cilia in nature, are used for propulsion
and feeding in inertia-dominated flows. Motivated by the effective fluid transport of cilia at relatively high Reynolds number, the character-
istics of vortex formation and fluid transport are investigated numerically for a simple two-dimensional model of rigid plates in Re = O(10
− 102). The small plates oscillate symmetrically on both walls of a channel. Under some conditions, the vortical structures generated by the
plates become asymmetric notably with respect to the channel midline. In relatively narrow channels, the interaction of counter-rotating
vortices shed directly from the plates near the midline causes symmetry breaking, and thus the mixing of fluid particles across the midline is
enhanced greatly. Meanwhile, in relatively wide channels, the diffused weak vortices that persist after previous strokes become asymmetric
first. When the number of oscillating plates on each wall increases, the vortex generated by a plate is confined between two plates, and it
is annihilated by the counter-rotating vortex generated by a neighbor plate during stroke reversal, thereby keeping them from propagating
toward the midline. This collective motion of multiple plates hinders the vortices from undergoing symmetry breaking even at the relatively
high Reynolds number of Re = 200, and mixing is suppressed accordingly.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5122966., s

I. INTRODUCTION

Cilia are hairy structures that are commonly found in vari-
ous biological systems. By their movement, motile cilia can capture
prey or generate flow for swimming. The motion of microscopic
cilia has evolved naturally into different kinematics between power
and recovery strokes to generate effective net flow in a viscosity-
dominated regime.1 Because ciliary motion is closely related to fluid
and particle transport, numerous studies have been conducted on
how cilia hydrodynamics affect fluid transport.2–8

As well as hydrodynamic studies, many cilia-inspired microflu-
idic applications have been suggested because artificial cilia are
a promising means of achieving fluid transport and mixing.9–14

Researchers have fabricated artificial cilia from functional materi-
als and controlled them magnetically or electrostatically to repro-
duce asymmetric motion similar to that of actual microscopic
cilia. Mounted in a channel or a mixer, artificial cilia can gener-
ate fluid transport and mixing. For example, den Toonder et al.9

showed that artificial cilia can generate strong flow and induce

effective mixing in microfluidic channels, Fahrni, Prins, and van
Ijzendoorn10 demonstrated that systems of artificial cilia can gen-
erate rotational and translational fluid motion in a microfluidic
chamber, and Hussong et al.12 succeeded in producing fluid trans-
port in a closed micro-channel using magnetically actuated artificial
cilia.

Most of these studies on hydrodynamics and microfluidic
applications were inspired by microscopic cilia at Reynolds num-
bers Re much less than unity, where the Stokes approximation can
be applied. However, there are few biological examples of motile
cilia at relatively high Reynolds number. For example, the comb jelly
(ctenophore) has the longest known cilia in nature, of the order of
millimeters; numerous cilia are aligned on the surface of the comb
jelly and act synchronously. Based on the cilium length and beat-
ing frequency, the reported Reynolds numbers of the cilia of the
comb jelly are of the order of 1–100, where the Stokes approxi-
mation no longer holds.15–17 Matsumoto15 analyzed the motion of
various species and found that for the comb jelly the Reynolds num-
ber ranged from 10 to 300, Barlow, Sleigh, and White16 observed
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the cilia motion of a live Pleurobrachia pileus and estimated the
Reynolds number of a power stroke to be around Re = 9, and Daup-
tain, Favier, and Bottaro17 showed that their numerical results for
Re = 50–200 agreed well with the experimental data of Barlow,
Sleigh, and White.16

Although there have been several studies of the biological
implications of ciliary motion for inertia-dominated flow,18–21 how
the Reynolds number affects the flow patterns and fluid trans-
port generated by periodic cilia-like motion is not well understood.
Admittedly, fluid transport will be enhanced in a high-Reynolds-
number flow, but it remains unclear how the characteristics of the
flow structure and fluid transport change when flow inertia becomes
more dominant.

In this study, we investigate numerically the formation of flow
patterns by using a model of simple oscillating plates that are aligned
on walls, rather than mimicking the complicated motion of cilia
found in a comb jelly. We seek to find the key phenomena that char-
acterize the flow structure at Re = O(102) in several model configura-
tions. For this purpose, three parameters are varied: (i) the Reynolds
number, (ii) the width of the channel in which the plates are posi-
tioned, and (iii) the number of plates on each wall. The channel
configuration is of interest here because of the potential applica-
tion of cilia-like motion to fluid transport in the inertia-dominated
regime. Furthermore, we elucidate how fluid transport, more specif-
ically mixing, is correlated with the evolution of vortices in the fluid
domain. Our model is introduced in Sec. II, numerical methods are
explained in Sec. III. Our numerical results are discussed in Sec. IV,
followed by concluding remarks in Sec. V.

II. PROBLEM DESCRIPTION
For our model, a rigid plate of length L oscillates periodically

with frequency f and amplitude θ0 in a quiescent fluid [Fig. 1(a)].
The kinematics are as follows:

θ = θ0 sin(2πft + 1.5π) and θ̇ = 2πf θ0 cos(2πft + 1.5π). (1)

FIG. 1. (a) Beating motion of a ciliary plate of length L, beating frequency f, and
amplitude θ0, (b) a single plate in an open channel (G→∞), and (c) plates in a
channel with gap width G. (d) Multiple plates on each wall: N up to 5.

TABLE I. Model parameters.

Name Symbol Value

Plate length L 0.5
Beating frequency f 5
Beating amplitude θ0 π/3
Gap width G 2.5L − 7L
Reynolds number Re 1 − 200
Number of ciliary plates N 1 − 5

In fact, the cilia found in nature are flexible, and their motion is
asymmetric between power and recovery strokes to enable propul-
sion and transport in the Stokes flow. In our model, by eliminat-
ing those kinematic and geometric asymmetries between power and
recovery strokes, we aim to investigate how the Reynolds number
alone affects the symmetry of the flow patterns. Because our sim-
plified model does not represent actual cilia, we will use the term,
oscillating plates or plates, instead of cilia hereafter.

Motivated by biological cilia in the mouth of the comb jelly
and artificial cilia in microfluidic applications, we model our fluid
domain as a channel whose upper and lower boundaries are walls
and whose left and right boundaries are pressure outlets [Fig. 1(c)].
In Fig. 1(c), the motion of the plates is symmetric (mirrored)
between the upper and lower walls. The gap width G is varied
between 2.5L and 7L: G/L = [2.5, 3, 4, 5, 6, 7]; we also consider
an open channel with infinite gap width (G →∞) [Fig. 1(b)]. Fur-
thermore, the number N of plates on each wall is varied from
1 to 5 to examine their collective effects [Fig. 1(d)]. The spacing
between adjacent plates is constant as L, and the same kinemat-
ics with no phase difference are used for the plates on the same
wall.

The Reynolds number based on the plate length L and the
maximum speed Umax = 2πfθ0L of the plate is

Re = UmaxL
ν
= 2πf θ0L2

ν
, (2)

which ranges between 1 and 200 in our study. The parameters of our
model are listed in Table I.

III. NUMERICAL METHOD
In our study, based on the Hybrid Cartesian/Immersed Bound-

ary (HCIB) method introduced by Gilmanov and Sotiropoulos,22

an in-house code for two-dimensional incompressible laminar flow
is used for numerical simulations.23,24 The governing equations are
discretized based on the finite-difference method in Cartesian coor-
dinates with a three-time-level second-order difference scheme for
time, a second-order linear upwind for convective terms, and stan-
dard central-difference discretization for diffusive terms. Both linear
diffusive terms and nonlinear convective terms are handled implic-
itly. However, because of the nonlinear treatment of convective
terms, the resulting system of equations is nonlinear and is solved
with the Newton method coupled with the matrix-free generalized
minimal residual (GMRES) method.25,26 The fractional step method
introduced by van Kan27 is applied for pressure–velocity coupling on
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a collocated grid layout. A collocated grid arrangement is preferred
to a staggered grid because the former is simpler and avoids the
complications that arise from enforcing boundary conditions on an
immersed body. Nevertheless, using a collocated layout may result in
the so-called checkerboard situation. To avoid this problem, as pro-
posed by Gilmanov and Sotiropoulos,22 the momentum equations
are discretized on the collocated grids. The discrete equations are
then interpolated to the cell faces by third-order one-dimensional
QUICK interpolations, and the velocities are renewed on the cell
faces rather than at the cell centers. For the detailed procedure of
the HCIB method, refer to Gilmanov and Sotiropoulos22 and Ge
and Sotiropoulos.28 Our in-house code was validated by Lahooti and
Kim.24

For the numerical simulations, we construct a rectangular fluid
domain with a horizontal domain size of 20L. The vertical size of
the domain is 10L in the case of a single plate [Fig. 1(b)]. For a
channel with a finite gap [Fig. 1(c)], the fluid domain is bounded
by two horizontal walls that are 2.5L–7L apart. For collective plates
[Fig. 1(d)], the horizontal domain size varies from [−10L, 10L] to
[−12L, 12L], which correspond to N = 1 and N = 5, respectively,
depending on the number of plates. The fluid domain is divided into
uniform square grids of length 0.01L near the plates and nonuniform
rectangular grids away from the plates; the horizontal spacing of the
latter increases gradually from 0.01L to 0.25L toward the left and
right domain boundaries with an expansion ratio of 1.033. The mov-
ing surface of a single plate is divided into roughly 400 Lagrangian
points.

To check for grid convergence, we consider the case of Fig. 1(b)
at Re = 1 and compare three different grids whose minimum length
is Δxmin = Δymin = 0.02L, 0.015L, and 0.01L, respectively. The aver-
age difference in velocity between 0.015L and 0.01L across the whole
flow field is no more than 2%, so we choose the finest grid through
our study, namely Δxmin = Δymin = 0.01L.

A criterion based on the Courant–Friedrichs–Lewy (CFL)
number is used to choose a proper time step, which restricts a
Lagrangian point on the plate to move by no more than one grid
spacing of the surrounding fluid domain in each time step. In all
cases, the time step is set as Δt = 0.0005T (where T = 1/f is the
beating period), for which the CFL number is less than 0.3.

IV. RESULTS AND DISCUSSION
A. One oscillating plate on a wall
1. Development of flow structure

We begin by investigating the flow patterns of a single plate
placed in an open channel (G → ∞) as shown in Fig. 1(b). Fig. 2
shows the vorticity contours of two different Reynolds numbers
(Re = 1 and 200), for which the vorticity magnitude ω is nondimen-
sionalized with L and Umax. To exclude the initial transient phase,
the results after the first 10 cycles are shown in Fig. 2. At Re = 1, the
flow structures of each cycle seem to be identical [Fig. 2(a)]. The vor-
tex shedding from the tip diffuses rapidly into the ambient fluid in
the viscosity-dominated regime and dissipates before a new vortex
is developed by the stroke of the next cycle. Accordingly, the vortex
shed in one cycle does not affect the flow structure of the subsequent
cycle, and the same flow field is formed regularly near the plate by
the periodic beating of the latter.

By contrast, at Re = 200, different flow patterns are observed
at each cycle [Fig. 2(b)]. Unlike the low-Reynolds-number case, the
vortex shed in one cycle remains in the flow field and affects the flow
structure of the next cycle. To understand how this aperiodic flow
structure emerges, we examine the evolution of the vortical structure
[Fig. 3]. First, a vortex is shed from the tip of the plate during half the
stroke cycle, as represented by the solid circle in Fig. 3(a). This vor-
tex does not diffuse completely during the return stroke [Fig. 3(b)].
Although the vorticity is weakened by the counter-rotating vortex
generated by the return stroke [dashed circle in Fig. 3(b)], its core
remains next to the counter-rotating vortex. As the periodic motion
repeats, the remaining vortex moves toward the wall and merges
with the previously shed vortex with the same vorticity sign, as illus-
trated in Fig. 3(c). Consequently, a large-scale counter-clockwise
vortex (solid circle) appears in the right-hand side of the channel
[Fig. 3(d)]; by the same procedure, a large-scale clockwise vortex
(dashed circle) appears in the left-hand side of the channel. As time
goes on, these merged vortices diffuse and are transported slowly
away from the plate in each direction of the black arrows in the
schematic of Fig. 3(d). Consequently, the high-Reynolds-number
flow structure becomes aperiodic despite the periodic motion of the
plate.

FIG. 2. Vorticity contours around the plate for (a) Re
= 1 and (b) Re = 200 at the same phase of the plate
(θ = 0) during four cycles. t∗ = t/T. Multimedia view:
https://doi.org/10.1063/1.5122966.1
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FIG. 3. Vorticity contours near the plate at four instances
(Re = 200) and schematics to represent the evolution of an
aperiodic flow: (a) t∗ = 0.50, (b) t∗ = 0.88, (c) t∗ = 5.00, and
(d) t∗ = 25.00. Red solid circle: counter-clockwise vortex
and blue dashed circle: clockwise vortex.

2. Symmetry breaking of flow structure

Based on the results for a single plate in an open channel, we
now investigate the flow structures of two plates that move sym-
metrically on two parallel walls as shown in Fig. 1(c). Under specific
conditions of this channel configuration, symmetry breaking of the
vorticity field can be observed even though the geometry and kine-
matics of the two plates are symmetric. An example is presented
in Fig. 4(a) for Re = 200 and G/L = 5. The symmetric flow with
respect to the horizontal midline between the two walls eventu-
ally becomes asymmetric as time goes on; compare (I) and (II) of
Fig. 4(a). In this study, we define symmetry breaking of the flow
structure as symmetry breaking of the vorticity field with respect
to the midline. Symmetry breaking due to a moving symmetric
object has been reported previously.29–31 Vandenberghe, Zhang, and
Childress29 found symmetry breaking due to the simple reciprocal
flapping motion of a flat plate. In their study, symmetry breaking
produced thrust induced by unbalanced forces, which can be advan-
tageous for forward flight. Lācis et al.30 observed symmetry break-
ing around a free-falling cylinder with the rigid splitter attached to
its rear side. The asymmetry of the wake behind the body induced
rotation of the cylinder that resulted in a nonzero drift force. In
our study, the occurrence of symmetry breaking causes the overall
flow structure to become chaotic, which can contribute to enhancing
mixing.

To evaluate when symmetry breaking occurs, we introduce the
parameter

S = 1
Ngrid/2

Ngrid/2

∑
i=1

∣ωi(x, y, t) + ωi(x, 2l − y, t)∣
max(∣ωi(x, y, t)∣, ∣ωi(x, 2l − y, t)∣) , (3)

where l is the y coordinate of the midline between the two walls
[dashed line in Fig. 4(a)], ωi(x, y, t) is the z-directional vorticity at
position (x, y), ωi(x, 2l − y, t) is the vorticity at position (x, 2l − y)
that is mirrored from (x, y) with respect to the midline y = l, and
max(|ωi(x, y, t)|, |ωi(x, 2l − y, t)|) is the larger magnitude of ωi
between the two mirrored positions (x, y) and (x, 2l − y).

To compute S, we divide the fluid domain by the midline of
the channel and consider only a lower half of the domain: note that
the summation in Eq. (3) is over Ngrid/2, not Ngrid. If the vorticity
field is ideally symmetric with respect to the midline, then |ωi(x, y, t)
+ ωi(x, 2l − y, t)| = 0 because ωi(x, y, t) = −ωi(x, 2l − y, t) in that case.
In this regard, the magnitude of |ωi(x, y, t) + ωi(x, 2l − y, t)| at each
point indicates the extent to which the vorticity field is symmetric.
We then normalize it by max(|ωi(x, y, t)|, |ωi(x, 2l − y, t)|) to bound
S between 0 and 2. Without this normalization, a large value of
|ωi(x, y, t) + ωi(x, 2l − y, t)| would cause a spurious rise in S. To eval-
uate S, we set the threshold of the dimensionless vorticity |ωiL/Umax|
as 0.5 to exclude noise; we included only |ωiL/Umax| > 0.5.

The parameter S increases with time initially, but thereafter it
shows quite different patterns depending on the Reynolds number
[Fig. 4(b)]. When S maintains below 0.2 in the entire simulation
time, main vortical structures remain quite symmetric. In this case,
we assess that symmetry breaking does not occur although the flow

FIG. 4. (a) Vorticity contours (I) before symmetry breaking
of flow structure occurs (S = 0.17) and (II) after symmetry
breaking occurs (S = 0.31): Re = 200, G/L = 5. (b) Time his-
tories of S for different Reynolds numbers during 50 cycles:
G/L = 5.
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FIG. 5. Vorticity contours when symmetry breaking occurs
for (a) Re = 200, G/L = 5 and (b) Re = 200, G/L = 7.

is not symmetric perfectly. For all cases with symmetry breaking
of vorticity fields, S exceeds 0.2 at a specific time. For example, in
Fig. 4(a), the flow seems to be quite symmetric at the instance of
S = 0.17 [Fig. 4(a)–I]. However, at the instance of S = 0.31 which
is after only a half cycle from Fig. 4(a)–I, the flow is unstable
and undergoes symmetry breaking [Fig. 4(a)–II]. From Figs. 4(a)
and 4(b), it is reasonable to consider Scr = 0.2 as a threshold
value to determine whether symmetry breaking occurs. Indeed, with
Scr = 0.2, two distinctly different patterns of S are obviously identi-
fied in Fig. 4(b): Re = 100 and 120 remaining below Scr = 0.2 and Re
> 120 above Scr = 0.2 with highly fluctuation due to unstable vortex
structure.

To initiate symmetry breaking, new vortices shedding from
the plates in the upper and lower walls keep encountering each
other near the midline, and the interaction of these strong counter-
rotating vortices near the midline causes symmetry breaking quickly
within several cycles, as shown in Figs. 5(a-III) and 5(a-IV). In con-
trast to the aforementioned breaking mechanism, when the channel
is not narrow enough to induce strong interaction of new vortices
shed from the plates (say, G/L ≥ 6), another part of the flow structure
becomes asymmetric earlier than the new vortices shedding from
the plates. In Fig. 5(b), the merged vortices remaining from previous
strokes in the left- or right-hand side of the plate, which is explained
in Sec. IV A 1 and Fig. 3(d), start to be unstable first, eventually
yielding symmetry breaking after many cycles [IV of Fig. 5(b)]. This
symmetry breaking requires much more cycles in general, compared
to the symmetry breaking by new vortices.

Following the criterion on S to decide whether the flow
structure becomes asymmetric within the entire simulation time
(Scr = 0.2), the conditions for symmetry breaking are identified for
cases in the ranges Re = 60–200 and G/L = 2.5–7 [Fig. 6]. For G/L
= 6–7, because of the relatively large gap width, symmetry break-
ing does not happen even at Re ≤ 120. Note that the determina-
tion of symmetry breaking is based on the results of 50 cycles. If

the simulation time is extended, we may observe symmetry break-
ing at low Reynolds numbers. By contrast, for G/L = 2.5–4, the gap
width is small enough to cause strong vortex–vortex interaction near
the midline. Consequently, breaking ensues even at low Reynolds
numbers (i.e., Re < 100).

3. Effect of symmetry breaking on mixing
In Sec. IV A 2, we observed the flow becoming chaotic after

symmetry breaking. To evaluate mixing performance after symme-
try breaking, the trajectories of fluid material particles with the same
density as the fluid in the channel are computed at each time step.
The fourth-order Runge-Kutta method is used to update the posi-
tion of individual fluid particles with fluid velocity. Bilinear inter-
polation is used to obtain the velocity for fluid particles that are not
on grid nodes. For particle tracking, we initially seed fluid particles
of two different colors (blue and red) symmetrically with respect to

FIG. 6. Determination of symmetry breaking and no symmetry breaking for the
Reynolds number between 60 and 200 and the gap width between 2.5L and 7L.
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the midline y = l at t∗ = 0 [(I) of Figs. 7(a) and 7(b)]. The distance
between initial fluid particles is 0.05L. Because we are interested in
how the symmetry breaking of the vortical structure is correlated
with fluid mixing, we position the boundary of the two colors on
the midline. Particles are not distributed uniformly as time goes
on. Thus, white regions in which the particles are absent or sparse
appear in the mixing zones [Fig. 7].

The mixing of symmetry breaking and no symmetry breaking
in two different Reynolds numbers is compared for G/L = 5 as a
example (Fig. 7): Re = 120 (no breaking) and 160 (breaking). At
the beginning of the periodic motion of the plate (t∗ = 10), parti-
cles near the midline start to move into the other side in the two
cases presented in Fig. 7. Until t∗ = 20, there is no distinct differ-
ence in particle distribution between the two cases, although the
boundary is deformed. However, at t∗ = 30, we observe a significant
difference in particle distribution [(IV) of Figs. 7(a) and 7(b)]. For
Re = 160, the fluid particles start being mixed very soon after the
onset of symmetry breaking. In other words, although mixing of par-
ticles between the two regions (blue and red in Fig. 4(a)–II) develops
in the two cases, a notable mixing rate is accompanied only with
symmetry breaking.

In addition to a qualitative comparison, we investigate quan-
titatively how the Reynolds number and gap width affect mix-
ing performance. For this purpose, we introduce degree of mixing
(DOM),32 which is defined as

DOM = −
∑Nc,p

i=1 (wi∑Ns
j=1 ni,j lnni,j)

Nc,p ln 0.5
, (4)

where Nc ,p is the number of mixing cells where particles exist and
Ns is the number of particle species. Because we use only two col-
ors of particles (blue and red) as shown in Fig. 7, we have Ns = 2
here. The term ni ,j is the fraction of particles of type j in cell i. The
weight factor wi for cell i is zero if there are either no particles or

particles of only one color therein; otherwise, we have wi = 1. We
then normalize this parameter by the maximum value given by
DOMmax = Nc ,p ln 0.5; accordingly, DOM is bounded between
0 and 1. DOM of zero indicates no mixing, whereas DOM of unity
indicates perfect mixing. For a more detailed description of DOM,
refer to Kang and Kwon.32 To compute DOM, the size of the mixing
cell should be chosen carefully because DOM depends on it: if the
cell size is too small, then DOM is unreasonably low. After trial and
error, the entire fluid domain is discretized into mixing cells with a
uniform size of 0.1L. Then, with particle tracking, we counted the
number of blue or red particles in each mixing cell at each time step
to compute DOM. Note that comparing DOM magnitude directly
between different gap widths G/L is not appropriate because DOM
depends on the size of the fluid domain.

DOM tends to increase steeply before 20 cycles in the cases of
small gap width (G/L = 2.5 and 4) that symmetry breaking occurs
[Figs. 8(a) and 8(b)]. For G/L = 2.5 in particular, DOM increases
steeply before 10 cycles at all Reynolds numbers, followed by a
plateau or a minor drop [Fig. 8(a)]. The mixing then finally saturates
with DOM of less than 0.4. As well as G/L = 2.5, in the other cases
of Fig. 8, DOM is bounded by 0.6. Meanwhile, when the gap width
of the channel is large, G/L = 6, [Fig. 8(d)], DOM tends to increase
more gradually than that of small G/L even for the symmetry
breaking cases. In addition, DOM for no symmetry breaking cases
(Re = 100 and 120 of G/L = 5 and 6) remains low notably in the entire
simulation, compared to the symmetry breaking cases [Figs. 8(c)
and 8(d)].

B. Collective oscillating plates on a wall
In nature, cilia are clustered together and generate metachronal

waves for locomotion and transport. Inspired by this collective
behavior, the number N of plates is varied from 1 to 5 on each wall
[Fig. 1(d)]. The spacing between neighbor plates is constant as L,

FIG. 7. Particle tracking for (a) Re = 120, G/L = 5 (no
breaking) and (b) Re = 160, G/L = 5 (symmetry breaking).
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FIG. 8. Degree of mixing (DOM) for (a) G/L = 2.5, (b) G/L
= 4, (c) G/L = 5, and (d) G/L = 6 during 50 cycles.

and, to simplify the motion, the phase difference between them is
fixed as zero; the plates move synchronously on each wall. We stud-
ied the effect of gap width on symmetry breaking in Sec. IV A 2.
Here, we focus instead on how the number of plates affects the
occurrence of symmetry breaking. The gap width between the two
walls is fixed as G/L = 5 in the following analysis.

Interestingly, when we increase the number of plates from
N = 1 to N = 2–5 for G/L = 5, symmetry breaking does not
occur at all during 50 cycles, even at the highest Reynolds num-
ber used in our simulation, Re = 200 [Fig. 9]. To determine why
the flow structure does not undergo symmetry breaking for mul-
tiple plates, we examine how the vorticity distribution changes
[Fig. 10]. We predicted initially that multiple vortices generated
by the collective motion of multiple plates would complicate the

FIG. 9. Determination of symmetry breaking and no symmetry breaking for different
numbers of plates: N = 1–5 (G/L = 5).

overall flow structure and that mutual interaction of these vortices
would induce symmetry breaking more easily, which would enhance
mixing drastically compared with a single plate. However, the col-
lective motion instead suppresses the development and propaga-
tion of the vortical structure and consequently delays its symmetry
breaking.

During the left-to-right stroke (I of Fig. 10), a vortex is shed
from the tip of each plate; see the red circles on the lower wall and
the blue circles on the upper wall in Fig. 10. Unlike the single plate
of Fig. 5, the shed vortices are confined in the spaces between two
plates. When the plates decelerate and reach the end of their left-to-
right stroke (II of Fig. 10), the vortex between the two plates loses
its strength significantly by being merged with the counter-rotating
stopping vortex shed from the plate in the left. During the subse-
quent right-to-left stroke (III of Fig. 10), the remaining part of the
vortex between the two plates is annihilated by the new counter-
rotating vortex generated by the plate in the left. Because of this
procedure, even after many cycles, vortices do not approach the mid-
line between the two walls, and symmetry breaking, based on the
criterion suggested in Fig. 4, is inhibited. This result clearly indicates
that the propagation of vortices toward the midline and the conse-
quent vortex–vortex interaction near the midline are essential for the
onset of symmetry braking of the overall flow structure. Although
not provided here, we found that, as the spacing between the adja-
cent plates on the same wall was 0.5L, the symmetry breaking did not
occur within the simulation time. However, for the spacing equal to
or larger than 1.5L, the aforementioned collision of a vortex with
the neighbor plate and annihilation by the counter-rotating vortex
weakens. Thus, even for N = 5, the symmetry breaking is induced
eventually within 20 cycles. This result shows that the spacing is also
an important parameter to determine the appearance of symmetry
breaking.
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FIG. 10. (a) Vorticity contours around five plates for Re
= 200 and G/L = 5. (b) Corresponding schematics of flow
structures (red solid line: counter-clockwise vortex and blue
dashed line: clockwise vortex). Note that, in (b), the length
of plates is magnified from their actual length. The black
arrows indicate their moving direction. Multimedia view:
https://doi.org/10.1063/1.5122966.2.

Dimensionless circulation Γ∗ in the lower half of the fluid
domain is compared for different plate numbers for Re = 200 and
G/L = 5 [Fig. 11(a)]. Circulation Γ is defined as Γ =∫AωdA, where
A is the lower half of the fluid domain and both positive and
negative vorticities are included, and it is nondimensionalized as
Γ∗ = Γ/(UmaxLN). In Fig. 11(a), Γ∗ magnitude of N ≥ 2 is smaller
than that of N = 1, and there is only minor difference in Γ∗ among
N = 2–5. In contrast to N = 1 which exhibits symmetry breaking and
aperiodic Γ∗ in Fig. 11(a), Γ∗ of N = 2–5 maintains periodic with
no symmetry breaking as time goes on. This trend in Γ∗ demon-
strates that vortices are weakened significantly by the interaction
with adjacent plates for N = 2–5.

As mentioned in Sec. IV A 3, the mixing performance based
on DOM in Eq. (4) is poor when the flow field remains symmetric
with no symmetry breaking. For multiple plates, the DOM is com-
puted using the same procedure employed in Sec. IV A 3. Fig. 11(b)
compares the DOM between three plates (N = 3) and a single plate
(N = 1) on each wall; for N = 1, also refer to Fig. 8(c). As expected,

DOM with N = 3 grows slowly without the steep rise that gen-
erally accompanies symmetry breaking. DOM with N = 3 at Re
= 200 (the highest Reynolds number) is much lower than that with
N = 1 at Re = 200 and even lower than that with N = 1 at Re = 140. In
other words, adding more plates in our model does not enhance the
mixing.

Here, we have considered simple synchronized motion. How-
ever, actual cilia in nature produce metachronal wave motion that
has phase difference between nearby cilia. If a phase difference
between plates exists and the spacing between them is adjusted in
our model, vortices generated by the plates may not be annihilated
in a short time, and their collective behavior may precipitate vortex–
vortex interaction near the midline, which eventually induces sym-
metry breaking. Furthermore, if the motion of the plates on the
upper wall is our of phase with that of the plates in the lower wall,
the flow will become asymmetric quickly. In this regard, we may
be able to find an optimal configuration and motion that maxi-
mize or minimize the mixing performance by mimicking the more

FIG. 11. (a) Dimensionless circulation Γ∗ and (b) degree of
mixing (DOM) with different numbers of plates (G/L = 5).
In (a), Re = 200. In (b), solid line: N = 1 and dashed
line: N = 3.
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complicated motion of collective cilia in nature, which is beyond the
scope of this study.

V. CONCLUSION
We have investigated numerically the flow patterns and mix-

ing performance of oscillating plates in a channel. Symmetry break-
ing of the flow structure occurs in the inertia-dominated regime
despite the symmetric geometry and motion of the plates. For a
narrow gap of the channel, symmetry breaking is initiated by the
strong interaction of new counter-rotating vortices generated by
the oscillating plates even at the low Reynolds number of Re =
80; this can drastically enhance the mixing performance in a short
time. For a wider gap, symmetry breaking becomes weaker rela-
tively with poor mixing performance. Interestingly, the flow struc-
ture induced by multiple plates remains symmetric even at the
highest Reynolds number we considered, namely Re = 200. Dur-
ing the deceleration and stroke reversal of the plates, a vortex con-
fined between two plates is quickly cancelled by the counter-rotating
vortex formed by the adjacent plate, which eventually results in
the suppression of symmetry breaking. Accordingly, the synchro-
nized motion of multiple plates has a rather negative effect on
mixing.

In this study, to find the effects of the Reynolds number and
collective motion, we used a very simple model. In future work,
motivated by the motion of actual cilia, we plan to investigate vorti-
cal structures for more complicated kinematics to better understand
the principle of fluid transport with collective ciliary structures.
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