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Chaotic advection and mixing by a pair of microrotors in a circular domain
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In this work we study chaotic mixing induced by point microrotors in a bounded two-dimensional Stokes
flow. The dynamics of the pair of rotors, modeled as rotlets, are non-Hamiltonian in the bounded domain and
produce chaotic advection of fluid tracers in subsets of the domain. A complete parametric investigation of the
fluid mixing as a function of the initial locations of the rotlets is performed based on pseudophase portraits. The
mixing of fluid tracers as a function of relative positions of microrotors is studied using finite-time entropy and
locational entropy. The finite-time locational entropy is used to identify regions of the fluid that produce good
versus poor mixing, and this is visualized by the stretching and folding of blobs of tracer particles. Unlike the
case of the classic blinking vortex dynamics, the velocity field of the flow modeled using rotlets inside a circular
boundary is smooth in time and satisfies the no-slip boundary condition. This makes the considered model a
more realistic case for studies of mixing in microfluidic devices using magnetic-actuated microspheres.
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I. INTRODUCTION

Mixing and transport of fluids in the low-Reynolds-number
regime are an important challenge that has gained consider-
able attention over the years [1-3]. As a consequence of weak
fluid inertia, viscous diffusion and chaotic advection are the
dominant modes of mixing in low-Reynolds-number flows.
Viscous diffusion unfolds over microscopic length scales
and by itself is insufficient to achieve fast mixing in most
microfluidic applications which require rapid mixing. This
underscores the importance of advective effects for stretching
and folding of fluid material lines that in turn enhance viscous
diffusion by increasing the area of contact between fluids
being mixed. Various means of achieving rapid advective mi-
crofluidic mixing have been proposed over the years [4] which
can be classified broadly into active and passive mixing meth-
ods. Active mixing mechanisms induce large-scale motion of
the fluid by directly influencing the fluid by means of mixing
elements driven by force fields such as electric, magnetic, or
acoustic fields that compensate for the lack of fluid inertia
[5-7] and can achieve high mixing quality, especially in the
vicinity of the mixing elements. Passive methods of mixing
involve altering the boundary conditions of the flow so as to
maximize the area of contact between fluids being mixed. This
is usually achieved by incorporating geometric features in the
path of the fluid flow [8] or by altering the path itself such
that fluid stretches and folds into finer-scale structures [9].
Passive methods are high-throughput methods and achieve
a more uniform mixing than active methods. The quality of
passive mixing, however, is directly dependent on the duration
of time the fluid spends within the mixing geometry necessi-
tating the need for longer microfluidic channels.
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Naturally occurring microswimmers have been known to
induce mixing of the surrounding fluid during locomotion
[10-12]. They accomplish this by continuously stirring the
fluid around them as they swim, thus making up for the
weak inertia of the fluid. Mixing by idealized microswim-
mers has shown modes of locomotion that produce mixing
at low Reynolds number [13,14]. Inspired by these studies,
artificial microswimmers have gained attention as a means
to mix and predictably manipulate fluids at small scales
[15,16]. While many different microswimmer morphologies
have been proposed in these works and others, one of the
simplest synthetic microswimmers that can be studied for
this purpose is a self-propelled spinning particle. Grzybowski
demonstrated the self-assembly of spinning rotors in a plane
[17,18], and later Campbell and Grzybowski used these ideas
to experimentally demonstrate the possibility of mixing us-
ing magnetically driven rotors [19]. More recently, Ballard
et al. [20] demonstrated microfluidic mixing due to mag-
netic microbeads using experiments and lattice Boltzmann
simulations. These and other experimental investigations [21]
of magnetic or otherwise driven particles have shown their
effectiveness for micromixing applications.

The dynamics of such spinning particles or “microrotors”
were recently studied numerically [22,23] where the flow gen-
erated by the microrotors was modeled using a rotlet velocity
field. The rotlet also known as a couplet is a solution to the
Stokes equation with a point torque inhomogeneity [24,25].
Meleshko and Aref [26] showed that blinking rotlets under
circular confinement could be an effective model to study
mixing in viscous flows where they present the blinking rotlet
as a viscous analog of the paradigmatic blinking point vortex
in inviscid flows pioneered by Aref [27]. In these studies the
location of the blinking singularities is fixed in the domain,
and the singularities themselves do not interact with each
other.

In the present paper we investigate the mixing of the fluid
induced in a circular domain due to the dynamic evolution

©2019 American Physical Society


https://orcid.org/0000-0002-4408-0976
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.100.062207&domain=pdf&date_stamp=2019-12-23
https://doi.org/10.1103/PhysRevE.100.062207

TALLAPRAGADA AND SUDARSANAM

PHYSICAL REVIEW E 100, 062207 (2019)

of the positions of a pair of interacting rotlets. A pair of
interacting rotlets can exhibit rich dynamics in a circular
domain due to the effects of the boundary. In the absence
of a boundary, the dynamics of interacting rotlets has a
Hamiltonian structure with linear and angular momentum
being integrals of motion. In a circular domain, the linear
and angular momentum are no longer conserved, and their
motion is nonintegrable. This is in contrast to the problem
of two point vortices in a circular domain, which is known
to be integrable and produces quasiperiodic motion of the
vortices, [28]. Nevertheless the dynamics of the two rotlets are
nearly Hamiltonian. Furthermore the dynamics of a passive
tracer induced by the pair of rotlets is the restricted three-
rotlet problem and exhibits chaotic motion. We investigate the
dynamics of passive tracers advected by the flows generated
by microrotors using finite-time locational entropy. We show
that the nearly Hamiltonian structure of the dynamics of the
pair of rotlets can be used to classify rotlet motions that
produce better good mixing of the fluid in the domain. The
present study of mixing is semiactive—a physical realization
of the rotlets requires continuous actuation, say, via a time-
periodic magnetic field that can exert a torque on magnetic
spheres and keep the spheres spinning. However, the motion
of the spinning spheres through the domain is purely due to
the hydrodynamic interaction between the spheres and the
boundary, and mixing of the fluid that is induced does not have
to directly controlled. Recent work has shown that a pair of
magnetic spheres can be steered in a circular domain by a spa-
tially uniform magnetic field as a single control input [29,30],
making the microrotors steerable mobile micromixers.

II. DYNAMICS OF ROTLETS

The flow due to a spinning microparticle (shaped as flat
disk or a sphere) can be modeled as a singular torque in a qui-
escent, viscous fluid. In the vanishing Reynolds number limit,
the governing equation of motion for fluid is the Stokes equa-
tion. In this regime a microparticle spinning with a constant
angular velocity w in an otherwise quiescent fluid requires a
constant torque to balance the viscous hydrodynamic torque.
The disturbance velocity field in the plane of the particle
generated by such a spinning microparticle can be modeled
by that of a Stokes singularity called the rotlet [31-34]. This
disturbance velocity is given by

X —Xg

u(x) = —yk x 1)

|Ix — Xol|?
for a rotlet located x9 = (xo, y9), where y is the strength of
the rotlet with the associated stream function being v (x, y) =
yIn|x — x¢|>. The velocity field generated by the two-
dimensional rotlet in an unbounded domain is topologically
the same as that generated by an ideal point vortex. Analogous
to the classical point vortex which can be thought of as the
intersection of a three-dimensional vortex filament and a plane
perpendicular to it [35], a point rotlet can be considered to
be the intersection of an infinitesimal spinning particle and a
horizontal plane passing through its center. In the absence of
any boundaries or other singularities in its vicinity, the rotlet
is fixed in position, and the flow is associated with circular
streamlines around the location of the singularity.

In an assembly of N rotlets in a plane with locations (x;, y;)
for i € [1, N], each rotlet is advected by a velocity that is a
linear superposition of the velocities induced by all the other
rotlets. The motion of the ith rotlet can then be expressed by

i=N
dx; g 0i —yp)
2R S

j=1.j#i ij

L @)

dy - (x;i — x;j)
P72 D

j=1j# i

where the square of distance between the ith and jth rotlet is
given by Rizj = —x)*+ (i —y)*

The interaction of N rotlets in an unbounded domain has
a Hamiltonian structure and conserves the linear and angular
impulse [22]. These integrals of motion preclude chaotic
motion in the dynamics of three or fewer rotlets. This also
precludes the chaotic advection of a fluid by the motion of two
rotlets, because the interaction of a two rotlets and a tracer
can be treated as a restricted three-rotlet problem with the
third rotlet having zero strength. However, mixing of fluid is
usually performed in a bounded domain. We show that when
the fluid domain is bounded, as it is in practical applications,
the motion of two rotlets can produce chaotic advection of the
fluid. Specifically we consider the mixing of fluid due to the
dynamics of two rotlets confined to the interior of a unit circle.

The dynamics of rotlets in a circular domain of radius
a differ significantly compared to those in an unbounded
domain. The velocity of the fluid on the circular boundary
has to be zero. These boundary conditions can be satisfied
by the method of images. The stream function governing the
motion of the fluid, due to the presence of a rotlet of strength
y1 located at (x1, y1), such that v/x7 + y? = ry < a derived by
Ranger [36] and Aref and Meleshko [26] is

Ci(x,
Yi(x,y) =n [lnAl(x, y)—InB(x,y)+ M} 3)
Bi(x,y)

where

A, y) = —x)? + (=),

By(x,y) <, “\']4
X,y )=||{x—x1— Vi =,
1y lrl2 Y ylrf a?
x2 +y2 r2
c1<x,y>=<1— e )[a2—<x2+y2>a—;]

The first term in (3) is associated with the velocity of the fluid
due to arotlet in an unbounded domain. The second part of the
stream function —y In By (x, y) ensures that the velocity of the
fluid on the boundary has no normal component. This term is
in fact the stream function due to an image vortex placed at
a location outside the circle according to the Milne-Thomson
circle theorem. The third term % ensures that the zero-slip
condition on the boundary is satisfied. This is unique to the
viscous flow setting and leads to significant differences in the
motion of rotlets inside the circle as compared to that of point
vortices.

When N rotlets are present in a circular region, each rotlet

experiences a velocity due to the other N — 1 rotlets and their
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image systems and its own image system,
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The ve1001ty of a rotlet is a linear combination of two compo-
nents. One component of this velocity (the terms containing
InA; and In B;), denoted by (x;,, yiv ), is similar to the velocity
experienced by point vortices, and the second component is a
velocity induced by the zero-slip velocity condition (the terms
containing %), denoted here after as (x;,, ;). Equation (4)

can be rewritten as
Xi = Xip + Xis, Vi = Yiv + Vis- )

Two special cases of integrable Hamiltonian dynamics arise

from (5). The first is the simple case of N = 1. In this case the
Ci(x1,1)

Hamiltonian is H; = —y[InB;(x1, y1) — Bl(xl;’l)] with x; =
1 9H, o= — L OH i inte-
iy and y; = o and the system is completely inte

grable. It can be verified that when a single rotlet is present
in a circular domain, its distance from the center of the circle
remains invariant. The second case of Hamiltonian dynamics
arises when considering the motion of two point vortices
instead of rotlets, i.e., C(x,y) =0, x;; = 0, and y;; = 0 (see
Ref. [28]). A direct calculation shows that the angular impulse
I =y rl2 + yzrg is invariant, where ri2 = xiz + yiz. Therefore
the motion of two point vortices in a circular domain is
integrable [28].

Apart from these special cases, in the general case of the
motion of two rotlets, the zero-slip velocity condition on the
circular boundary no longer conserves the angular impulse. A
direct computation using (5) verifies that

Y1(X1X15 + Y1Y1s) + va(aXas + y2yas) # 0.

It can be shown that Eq. (5) are not Hamiltonian for N > 1.

For if a Hamiltonian exists H (x;, y;), then x; = V a\ H and Vi =

; 9 "This would imply the canonical & ax, + 5 dv’ = 0, which
5 satlsfy However the existence of a Hamlltoman would also

imply tha % — %5 — 0. Because of the no-slip condition on

ayi
the boundary, % — % = 0 while 2 ‘”‘“ — ‘):y“ = 0. Therefore

the system (5) i 1s not Hamﬂtoman

While the system (5) is not integrable when N > 1, the
dynamical system (5) is nearly Hamiltonian in the sense that
if x;; < x5 and y;; < iy, then X; & %% and y; & ;, gz
This can occur in two scenarios. The first is when the effects
of the boundary are “small,” i.e., both rotlets are far from
the boundary, ri2 << a”. In this case the dynamics of (4)
approximate the dynamics of two rotlets in an unbounded
domain. The second case occurs when the two rotlets are

(b)I() or

(a)I(0) =0.1 (¢)I(0) =0.15

FIG. 1. Trajectories of the pair of rotlets for three sample initial
conditions (1(0), n(0) =0, 8(0) = 7 /2), with [x,(0) =0, y,;(0) =
V1(0)] and [x2(0) = /1(0), ¥2(0) = 0]. (a) (1(0) = 0.1, (b) I(0) =
0.7, and (c) 1(0) = 0.0.32.

far from each other but close to the boundary. In this case
the interaction between the rotlets is weak and the motion of
each rotlet is almost decoupled from that of the other and the
system is nearly Hamiltonian. This nearly Hamiltonian nature
of the system can be used to parametrize the solutions of (5)
in terms of two variables 1 defined by

=1+ (6)

and @ =60, — 0, and §; = tan™! (3)and 6, = tan™! (32). The

variable n = %(r2 — r?) defines how far apart the two rotlets
are. Figure 1 shows the trajectories of the two rotlets for three
different initial conditions for y; = y» = 1. These and the rest
of the numerical simulations were performed in MATLAB using
the fourth-order Runge Kutta solver with an adaptive time step
and error tolerance of 10710

Unlike Ref. [28] for the problem of two point vortices in
a circular domain, / is no longer conserved. The solutions
to (5) obtained through a numerical simulation for a variety
of initial values of 1(0), n(0), and 6(0) can be plotted as
a pseudophase portrait of n(¢) versus 6(¢). Three distinct
pseudophase portraits are seen as the parameter /(0) varies,
with the approximate intervals of / found from numerics being
I < 0.119 [Fig. 2(a)], for 0.119 < I < 0.22 [Fig. 2(d)], and
for I > 0.22 [Figs. 2(b) and 2(c)]. These are not true phase
portraits since each apparent orbit actually fills out a small
area. This is true even for the nearly Hamiltonian cases of
small 7(0) and large 7(0) shown in Figs. 2(a) and 2(b), while
in Fig. 2(c), the trajectories show clear intersections. The
variations in /(¢) show a similar pattern. When 7(0) = 0.32
an intermediate value /(¢) shows large variations [Fig. 2(c)],
while in the other two nearly Hamiltonian cases, /(¢) shows
small variations [Figs. 2(a) and 2(b)]. The second column in
Fig. 2 shows the variations in I(¢) for initial conditions of
[7(0), 6(0)] that produce the large variations in /(¢) for each
corresponding case of I(0). These large variations occur in
the region of the homoclinic and heteroclinic trajectories of
the apparent saddle-type fixed points in Figs. 2(a) and 2(c).
For small 7(0), the pseudophase portrait shown in Fig. 2(a)
is nearly identical to the phase portrait of the two-vortex
system, shown in Ref. [28], while for the range 0.119 <
I < 0.22 the pseudophase portrait [Fig. 2(d)] is topologically
similar to the one case of two point vortices but in the range
where 0.21374 < I < 0.29038. The pseudoportraits for / >
0.22 shown in Figs. 2(b) and 2(c) are unique to the case of the
two rotlets. These pseudophase portraits provide a basis for

r%:l—n and
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FIG. 2. First column: Pseudophase portraits of n vs 6. Second
column: Plots of variations of /() normalized by /(0); % (a)-
(e) 1(0) = 0.1, (b)) 1(0) = 0.7, (c)~(g) 1(0) = 0.32, and (d)~(f)

1(0) = 0.15.

classifying the mixing properties of the fluid in the domain
due to the motion of the rotlets.

II1. MIXING OF FLUID DUE TO A PAIR OF ROTLETS
IN A CIRCULAR DOMAIN

The two rotors act as stirrers whose location in the domain
varies quasiperioically. To investigate mixing of the fluid in
the circular domain, the equations of motion of the rotlets,
(4), have to be augmented by the advection equation for a
fluid tracer that is not collocated with any of the N rotlets. A
fluid tracer is advected with a velocity that is a superposition
of the velocities induced by each rotlet and each of the
corresponding image singularities. If the location of a fluid
tracer is denoted by (x,y), then the velocity (u,, u,) of the

fluid tracer is given by the advection equation

0y
U, = —, Uy = -
dy = ox

N

@)

Two interpretations are possible for the equations of advec-
tion of a fluid particle in the domain. The advection Eq. (7) can
model a two-dimensional time-dependent dynamical system,
where the explicit time dependence is through the positions
of the N rotlets, which can be obtained from (4). Following
this the trajectories of a fluid particle are allowed to self-
intersect in the domain. A second possible interpretation
is that Egs. (4) and (7) define a time-independent 2N + 2-
dimensional dynamical system, a restricted planar three-rotlet
system. We will adopt the first view and treat the advection
of fluid particles as a two-dimensional time-dependent dy-
namical system, where the time dependence comes from the
quasiperiodic motion of the rotors. The velocity of the fluid in
the circular domain is then defined by the vector field (u,, u,).
Let the time-dependent flow map for this dynamical system
be denoted by ¢>,’0 [x(t0), y(to)] :> [x(¢), y(¢)]. The flow map
¢,’0 takes as input an initial condition (x,, y;,) and maps it to
the solution of the dynamical system at time 7.

It is easy to see that mixing of the fluid is poor in the
special case when N = 1. A single rotlet in the domain moves
only due to the influence of the boundary, i.e., its advection
is due to the image singularity system alone. The velocity of
the rotlet (X, y;) given by (4) is Hamiltonian, and the quantity
I = x7 + y? is conserved. The rotlet moves along a circle with
a constant speed, and its motion is periodic. The dynamics of
a rotlet and a tracer particle in the fluid therefore reduce to a
restricted two-rotlet case. The velocity of a tracer given by (7)
is periodic (but nonlinear), and no mixing of the fluid occurs
in a large part of domain.

When two rotlets are present in the circular domain, more
complex dynamics of the rotlets as well as the fluid particles
ensue. We restrict our attention to the simplest case of two
same-spin rotlets, which is the minimal case where fluid
mixing is possible. The same spin is motivated by the prac-
tical realization of identical spinning magnetic microspheres
whose spin velocities generated by a magnetic field are equal.
These mixing dynamics depend upon the region of the fluid
that the rotlets visit. Obviously the dynamics of the rotlets (4)
themselves depend on the distance between the two rotlets,
d, and distance between each rotlet and the center of the
circle, r; and r,. This large parameter space is numerically
explored by using the underlying nearly Hamiltonian structure
of the system and the three qualitatively distinct pseudophase
portraits. Initial conditions for the system are chosen in terms
of n and 6 for different initial values 7(0).

An analytical solution of the flow map is not possible,
and we use numerical simulations of (7) to investigate the
evolution of arbitrary blobs of fluid. The mixing of the fluid
is quantified by a Shannon entropy field, which has also
been referred to as locational entropy [37,38]. In spirit and
in formal computation the locational entropy is the same as a
finite-time entropy field [39]. An entropy field is the locational
entropy associated with different subsets of the domain which
can identify regions of good (or fast) mixing and regions of
poor (or slow) mixing. This is better suited to the current
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FIG. 3. Entropy Sy and the entropy field. The graph in the center shows the entropy S for five different values of 1(0) with varying 8(0)
and in each case 1(0) = 0. The images around the graph show the entropy field for a few initial configurations of the rotlets, with the images
in the top row for the case 7(0) = 0.5, in the bottom row for /(0) = 0.1, and in the right column for /(0) = 0.7.

problem because the dynamics of tracer particles do not have a
common rational time period in the entire domain, precluding
the use of Poincaré maps. The entropy field is calculated as
follows.

The domain is divided in n subsets denoted by
{By, By, ..., B,}. From the perspective of studying mixing,
each subset initially contains a species of particles unique to
that box, with a total of n species of particles in the entire
domain. The advection of the fraction of the fluid material
from a box B; to box B; is

_ (e} (B;) N Bj)

= , 8
Pi 1(B;) ®

where 1 denotes the Lebesgue measure. Here p;; can also be
interpreted as the probability that the set B; will be mapped to
into set B; by the flow map ¢ . In computational approxima-
tion of this probability, each subset B; is chosen to be of an
equal area, and each subset is seeded with the same number
of fluid particles. The locational entropy is defined as

Sj == pijlnp; ©)
i=1

if p;; # 0 and zero otherwise. The normalized total entropy is

5= L3ys, (10)

Inn o
The total entropy is normalized such that when S = 1 perfect
mixing occurs, with any subset in the fluid domain containing
equal fractions of all species of particles. Regions of the
fluid domain with low locational entropy identify sets that are
poorly mixed.

A. Numerical simulations

In our simulations, we chose the number of subsets (i.e.,
species of particles) to be n = 225 and the number of par-
ticles of each species to be 240. The choice of the number
of boxes was based on a sensitivity analysis such that the
entropy changed little with increasing the number of boxes.
Specifically if the entropy is Sy for an N box discretization of
the domain and Sy_; for an N — 1 box discretization, then N

was chosen such that
Sy — Sn—
22N <0.03. (11)
Sn-1

The number of particles per box was always chosen in all trial
simulations with increasing N to be somewhat larger than N.
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FIG. 4. Mixing dynamics for /(0) = 0.1. (a) The initial conditions are [0(0) = 0.1, 1n(0) = 0]. The top panel shows the trajectories of
the two rotlets, the locational entropy plot at = 10, and the poor mixing of two blobs of fluid. (b) The initial conditions are [6(0) = 7 /2,
n(0) = 0]. The left and bottom panels show the trajectories of the rotlets, the locational entropy plot, and the motion and mixing of two blobs
of fluid in the time interval [0,10]. In the pseudophase portrait in the center the orbits [6(¢), n(¢)] are shown for both cases. The interior (red)

orbit is for case (a), and the outer (blue) orbit is for case (b).

The general trends in the entropy values did not change for
N as small as 144, but the numerical values of the normalize
entropy error (11) changed by less than 0.03 for N = 225. A
wide range of initial conditions for the rotlets was chosen to
investigate the mixing of the fluid due to their motion. The
initial values of the quantity /(0) of the rotlet pair were chosen
in a large range to represent the dynamics for each type of
pseudophase portrait shown in Fig. 2. For each value of 1(0),
the initial conditions (6(0), 7(0)) spanned all the qualitatively
different level sets shown in Fig. 2. The total entropy S for
each case was computed along with the locational entropy to
identify the subsets of the four-dimensional phase space (of
the two-rotlet system) parameterized by [/(0), 6(0), n(0)]
that produce good and poor mixing.

The graphs in the center of the Fig. 3 show the variation in
the entropy S for different initial positions of the rotlets. These
initial positions are categorized based on the initial values
of 1(0), 6(0), and 1n(0). Here it is once again emphasized

that the parameter 7(0) is not conserved but along with the
pseudophase portraits is nevertheless useful to understand the
mixing of the fluid. The parameter 1(0) quantifies the initial
asymmetry in the distance of each rotlet from the center. Plots
of the entropy field are shown for some initial conditions
of [1(0), 6(0), n(0)]. The graph of S and the plots of the
locational entropy S show that in each case the total entropy
S and the well-mixed region increases in area initially with
0(0) and then eventually decreases. For larger values of 7(0)
the decrease in entropy begins to occur for smaller values of
6(0). This behavior can be better understood by examining
the pseudophase portraits of the interaction of the two rotlets.
When 7(0) = 0.1, the entropy rises until about 6 ~ 7 /2 for
n(0) and then decays. In the pseudophase portrait as 6(0)
increases from zero, the range of 7(¢) also increases. Figure 4
shows the dynamics of the rotlets and the mixing produced
by them for two different cases of 6(0). In case (a) the
value of n(t) varies between —0.0302 and 0.0302, i.e., the
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t=0

t=10

FIG. 5. Mixing for 1(0) = 0.5. (a) The initial conditions are [#(0) = 0.2, 1n(0) = 0]. The top panel shows the trajectories of the two
rotlets, the locational entropy plot at # = 10 and the poor mixing of the interior (green) blob of fluid with the blobs closer to the boundary (red
and blue). The two outer blobs mix well in a thin outer annulus. (b) The initial conditions are [#(0) = 0.4, 1n(0) = 0]. The left and bottom
panels show the trajectories of the rotlets, the locational entropy plot, and the motion and mixing of two blobs of fluid in the time interval
[0,10]. In the pseudophase protrait in the center the orbits [0 (), n(¢)] are shown for both cases. The interior (red) orbit is for case (a), and the

outer (blue) orbit is for case (b).

distance of each of the rotlets from the center varies between
+/0.0698 = 0.2642 and +/0.1302 = 0.3608. The velocity of
each rotlet is dominated by the presence of the other rotlet
with the influence of the image systems being negligible. The
trajectories of two rotlets always stay within a small annulus
as shown in Fig. 4(a) leading to a region of poor mixing shown
in the locational entropy plot in the top panel of Fig. 4. A blob
of fluid initially located within this poorly mixed region does
not experience significant stretching and folding and stays
poorly mixed with the rest of the fluid. A blob of fluid starting
in the high locational entropy region does stretch, fold, and
spread throughout a thin outer region, but this is insufficient
to achieve high values of total entropy S. Conversely when
the initial conditions are [0 = 0.4, n = 0], the orbit in the
pseudophase portrait shows a large variation in 1 from almost
—0.1 to 0.1. This means that the distance of the two rotlets
from center varies from zero to /0.2 ~ 0.4472, with the

orbits of the rotlets thus covering a larger area within the
circular domain. This allows the fluid to be more uniformly
mixed throughout a central core of the domain, except for
some unmixed islands, producing a region with a high location
entropy. The lower panel in Fig. 4 shows the mixing of two
blobs of fluid that experience rapid stretching, folding, and
mixing in this central region. The wall enhances the stretching
of material lines close to it. For example, in the lower panel in
Fig. 4 the parts of the two blobs at r = 0.4 are pushed close to
the wall, and these are nearly anchored to the walls, moving
relatively slowly. The rotlets move the other portion of the
blobs rapidly. In the process the spiraling arms of the two
blobs are stretched rapidly. Here it is worth emphasizing that
the locational entropy plots show the entropy field computed
att = 10 assigned to spatial locations fixed at initial time. The
entropy field moves (in a Lagrangian sense) with the rotlets,
and hence the blob plots in the lower panel show the unmixed
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FIG. 6. Entropy S for 1(0) > 0.119. Initial conditions for all the
cases are [#(0) = r, n(0) > 0]. The initial value n(0) is shown on
the horizontal axis.

island at locations different from that in the locational
entropy plot.

For larger values of 1(0) the pseudophase portrait is dif-
ferent, and the entropy S shows an initial increase with 6(0)
and then decreases for larger values of 6(0). Figure 5 shows
the mixing in two cases of #(0) for 7(0) = 0.5. In case (a)
0(0) = 0.47 and the trajectory of the rotlets is confined to
a thin annulus. In the pseudophase portrait, the orbit for this
case is shown in red, with n(z) varying very slowly for large
changes in 6(¢). Essentially the rotlets never get close to
each other. These dynamics produce slow mixing in an outer
annulus with the locational entropy in this band being almost
0.5 but leaves a large central region poorly mixed. The blob
plots in the top panel show the motion of three blobs, with
the blobs in the outer region mixing with each other, but the
blob in the central region remains coherent with very little
deformation. In case (b) when 6(0) = 0.27, n(¢) shows larger
variation but over a smaller change in 6(¢). The rotlets move
close to and away from each other in a dance as the trajectories
in Fig. 5(b) show, producing a well-mixed region throughout
the domain except for a thin outer region. The lower panel in
Fig. 5(b) shows the dynamics of two blobs for this case: As
the rotlets move in and away from each other material lines
from these blobs are wrapped around both rotlets, resulting
in rapid stretching and folding. For larger 7(0) increases the
graph of entropy (Fig. 3) S shows a decline for smaller values
of 6(0), because of the saddle-like points lying on the n = 0
line in the pseudophase portraits moving towards 6 = 0 and
0 = 2m as I(0) increases. Orbits not enclosing 6 = 0 lead to
rotlet motion and mixing dynamics qualitatively similar to in
Fig. 5(a), explaining the decline in S for larger values of 6(0).

One qualitative set of initial conditions of rotlets remain
whose mixing dynamics is not explored in Fig. 3. For I >
0.119 initial conditions (6 = m, n # 0) produce qualitatively
different trajectories of the rotlets. When 0.119 < 1(0) < 0.22
and ((0) = 7,0 < [n(0)| < 1(0)), then n(¢) never changes
sign. As the pseudophase portrait for this case, Fig. 2(d),
shows that as |7(0)| increases the variation in the distance
of the rotlets from the center decreases, decreasing the area
covered by the rotlets and the entropy S. This trend can be

observed in Fig. 6. When /(0) > 0.22, the pseudophase por-
traits have a center-type fixed point at (¢ = w, n = 0), around
which nearly closed orbits exist within a region bounded
by heteroclinic trajectories connecting the saddle points; see
Figs. 2(b) and 2(c). Longer orbits around the center-type fixed
point produce better mixing; the value of 1 changes more
along longer orbits and therefore the distance of each rotlet
from the center shows a larger variation. The entropy therefore
increases initially with increasing 7(0). However, once the
initial conditions cross the heteroclinic trajectories, the motion
of the rotlets is such that n(¢) does not change sign; in fact,
in such cases n(t) changes relatively very little for the entire
range of 0 < 6(¢) < 2m. The rotlet trajectories in the circle
are such that they remain at a nearly constant distance from
the center. At closest approach of the two rotlets, when 6 =
0 (or 6§ =2m) is r%—rlz=1+77—(1—n)=2n. As n(0)
increases, min(r5 — r?) approaches 27(0), i.., even at closest
approach the distance between the rotlets is still large and little
fluid is pushed from the innner rotlet to the outer rotlet (or
vice versa). Figure 6 shows this decreasing entropy for larger
values of n(0).

IV. CONCLUSION

The interactive dynamics of two microrotors are modeled
as two rotlets in a Stokes fluid in a confined circular domain
can act as mobile micromixers. The dynamics of the rotlets
themselves are no longer Hamiltonian, and the angular im-
pulse of the system is not conserved. For almost all initial
conditions of the rotlets, the motion of the fluid is such that
there are regions of the domain with chaotic mixing. For some
subsets of initial conditions of rotlets, the region of chaotic
mixing of the fluid is very large, approaching the entire
domain, with small islands of poor mixing. In a practical
mixing setup, such unmixed islands can be expected to be very
small due to diffusive effects. This paper presents a complete
parametric investigation of the mixing of the fluid and identi-
fies the qualitative trends in the locational entropy field and the
overall entropy of the fluid due to the chaotic advection of the
fluid. These qualitative trends are related to the pseudophase
portraits of the system, which is made possible by the fact that
the two-rotlet system is nearly Hamiltonian.

The mixing dynamics due to the two-rotlet system can have
an advantageous physical realization over the case of the well-
known blinking vortices (or blinking rotlets). Blinking sin-
gularities require physical stirrers with piecewise continuous
(in time) operation. Rotlet-like singularities can be produced
by the spinning motion of spheres, which could be actuated
in a noncontact manner such as by a magnetic field. Each
rotlet itself moves due to the influence of other rotlets, and the
boundary and its trajectory are not actively controlled. This is
a significant advantage over physical stirrers whose motion in
the domain has to be controlled and nonsmooth in the case of
a minimal number of stirrers. The mobile rotlets investigated
in this paper have smooth motion and can in theory be placed
anywhere in the domain. In recent work [29,30], the authors
showed the possibility of steering two spinning spheres with
a single control input (such as a magnetic field) to any desired
location in a circular domain. Such techniques can be useful
to create microrotors as controllable mobile micromixers,
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whose initial positions can be steered to realize orbits in
any of the pseudophase portraits. The work presented in this

paper illuminates where such microrotors should be steered to
initially to produce fast mixing of the fluid.

[1]J. M. Ottino and S. Wiggins, Introduction: Mixing in
microfluidics, Philos. Trans. R. Soc. London A 362, 923
(2004).

[2] M. A. Stremler, F. R. Haselton, and H. Aref, Designing for
chaos: Applications of chaotic advection at the microscale,
Philos. Trans. R. Soc. London A 362, 1019 (2004).

[3] K. Ward and Z. Hugh Fan, Mixing in microfluidic devices and
enhancement methods, J. Micromech. Microeng. 25, 094001
(2015).

[4] C.Y. Lee, C. L. Chang, Y. N. Wang, and L. M. Fu, Microfluidic
mixing: A review, Intl. J. Mol. Sci. 12, 3263 (2011).

[5] N. Bertin, T. A. Spelman, T. Combriat, H. Hue, O. Stéphan, E.
Lauga, and P. Marmottant, Bubble-based acoustic micropropul-
sors: Active surfaces and mixers, Lab Chip 17, 1515 (2017).

[6] H. M. Xia, X. Jin, Y. Y. Zhang, J. W. Wu, J. Zhang, and Z. P.
Wang, Integrated aeroelastic vibrator for fluid mixing in open
microwells, J. Micromech. Microeng. 28, 017001 (2018).

[71 Y. Wu, Y. Ren, Y. Tao, L. Hou, Q. Hu, and H. Jiang, A novel
micromixer based on the alternating current-flow field effect
transistor, Lab Chip 17, 186 (2017).

[8] A. D. Stroock, Chaotic mixer for microchannels, Science 295,
647 (2002).

[9] A. P. Sudarsan and V. M. Ugaz, Fluid mixing in planar spiral
microchannels, Lab Chip 6, 74 (2006).

[10] H. Kurtuldu, J. S. Guasto, K. A. Johnson, and J. P. Gollub,
Enhancement of biomixing by swimming algal cells in two-
dimensional films, Proc. Natl. Acad. Sci. USA 108, 10391
(2011).

[11] A. Sokolov, R. E. Goldstein, F. 1. Feldchtein, and I. S. Aranson,
Enhanced mixing and spatial instability in concentrated bacte-
rial suspensions, Phys. Rev. E 80, 031903 (2009).

[12] G. L. Wagner, W. R. Young, and E. Lauga, Mixing by microor-
ganisms in stratified fluids, J. Mar. Res. 72, 47 (2014).

[13] J. L. Thiffeault and S. Childress, Stirring by swimming bodies,
Phys. Lett. A 374, 3487 (2010).

[14] Z. Lin, J. L. Thiffeault, and S. Childress, Stirring by squirmers,
J. Fluid Mech. 669, 167 (2011).

[15] A. D. Gilbert, F. Y. Ogrin, P. G. Petrov, and C. P. Winlove,
Motion and mixing for multiple ferromagnetic microswimmers,
Eur. Phys. J. E 34, 121 (2011).

[16] M. A. Jalali, A. Khoshnood, and M. R. Alam, Microswimmer-
induced chaotic mixing, J. Fluid Mech. 779, 669 (2015).

[17] B. A. Grzybowski, H. A. Stone, and G. M. Whitesides, Dy-
namic self-assembly of magnetized, millimetre-sized objects
rotating at a liquid-air interface, Nature (London) 405, 1033
(2000).

[18] B. A. Grzybowski, H. A. Stone, and G. M. Whitesides,
Dynamics of self assembly of magnetized disks rotating at
the liquid-air interface, Proc. Natl. Acad. Sci. USA 99, 4147
(2002).

[19] C. J. Campbell and B. A. Grzybowski, Microfluidic mixers:
From microfabricated to self-assembling devices, Philos. Trans.
R. Soc. London A 362, 1069 (2004).

[20] M. Ballard, D. Owen, Z. G. Mills, P. J. Hesketh, and
A. Alexeev, Orbiting magnetic microbeads enable rapid

microfluidic Microfluid. Nanofluid. 20, 88
(2016).

[21] S. H. Lee, D. van Noort, J. Y. Lee, B.-T. Zhang, and T. H. Park,
Effective mixing in a microfluidic chip using magnetic particles,
Lab Chip 9, 479 (2009).

[22] E. Lushi and P. M. Vlahovska, Periodic and chaotic orbits of
plane-confined micro-rotors in creeping flows, J. Nonlinear Sci.
25,1111 (2015).

[23] K. Yeo, E. Lushi, and P. M. Vlahovska, Collective Dynamics in
a Binary Mixture of Hydrodynamically Coupled Microrotors,
Phys. Rev. Lett. 114, 188301 (2015).

[24] A. T. Chwang and T. Yao-Tsu Wu, Hydromechanics of low-
Reynolds-number flow. Part 1. Rotation of axisymmetric prolate
bodies, J. Fluid Mech. 63, 607 (1974).

[25] G. K. Batchelor, The stress generated in a non-dilute suspension
of elongated particles by pure straining motion, J. Fluid Mech.
46, 813 (1971).

[26] V. V. Meleshko and H. Aref, A blinking rotlet model for chaotic
advection, Phys. Fluids 8, 3215 (1996).

[27] H. Aref, Stirring by chaotic advection, J. Fluid Mech. 143, 1
(1984).

[28] Y. Kimura, Motion of two point vortices in a circular domain, J.
Phys. Soc. Jpn. 57, 1641 (1988).

[29] J. Buzhardt, V. Fedonyuk, S. Sudarsanam, and P. Tallapragada,
Controllability of a pair of swimming microrotors in a bounded
domain at low Reynolds number, in Proc. of the ASME 2018
Dynamic Systems and Control Conference, Vol. 3 (ASME,
Atlanta, Georgia, 2018).

[30] J. Buzhardt, V. Fedonyuk, and P. Tallapragada, Pairwise con-
trollability and motion primitives for micro-rotors in a bounded
Stokes flow, Intl. J. Intell. Robot. Appl. 4, 454 (2018).

[31] A. T. Chwang and T. Y. Wu, Hydromechanics of low-Reynolds-
number flow. Part 2. Singularity method for Stokes flows, J.
Fluid Mech. 67, 787 (1975).

[32] J. R. Blake and A. T. Chwang, Fundamental singularities of
viscous flow, J. Eng. Math. 8, 23 (1974).

[33] C. Pozrikidis, Boundary Integral and Singularity Methods
for Linearized Viscous Flow (Cambridge University Press,
Cambridge, 1992).

[34] E. Lauga and T. R. Powers, The hydrodynamics of swimming
microorganisms, Rep. Prog. Phys. 9, 096601 (2009).

[35] H. Aref, Point vortex dynamics: A classical mathematics play-
ground, J. Math. Phys. 48, 065401 (2007).

[36] K. B. Ranger, Eddies in two dimensional Stokes flow, Intl. J.
Eng. Sci. 18, 181 (1980).

[37] M. Camesasca, M. Kaufman, and I. Manas-Zloczower, Quan-
tifying fluid mixing with the Shannon entropy, Macromol.
Theory Simul. 15, 595 (2006).

[38] T. Krishnaveni, T. Renganathan, J. R. Picardo, and S.
Pushpavanam, Numerical study of enhanced mixing in
pressure-driven flows in microchannels using a spatially peri-
odic electric field, Phys. Rev. E 96, 033117 (2017).

[39] G. Froyland and K. Padberg-Gehle, Finite-time entropy: A
probabilistic approach for measuring nonlinear stretching,
Physica D 241, 1612 (2012).

mixing,

062207-9


https://doi.org/10.1098/rsta.2003.1355
https://doi.org/10.1098/rsta.2003.1355
https://doi.org/10.1098/rsta.2003.1355
https://doi.org/10.1098/rsta.2003.1355
https://doi.org/10.1098/rsta.2003.1360
https://doi.org/10.1098/rsta.2003.1360
https://doi.org/10.1098/rsta.2003.1360
https://doi.org/10.1098/rsta.2003.1360
https://doi.org/10.1088/0960-1317/25/9/094001
https://doi.org/10.1088/0960-1317/25/9/094001
https://doi.org/10.1088/0960-1317/25/9/094001
https://doi.org/10.1088/0960-1317/25/9/094001
https://doi.org/10.3390/ijms12053263
https://doi.org/10.3390/ijms12053263
https://doi.org/10.3390/ijms12053263
https://doi.org/10.3390/ijms12053263
https://doi.org/10.1039/C7LC00240H
https://doi.org/10.1039/C7LC00240H
https://doi.org/10.1039/C7LC00240H
https://doi.org/10.1039/C7LC00240H
https://doi.org/10.1088/1361-6439/aa97b2
https://doi.org/10.1088/1361-6439/aa97b2
https://doi.org/10.1088/1361-6439/aa97b2
https://doi.org/10.1088/1361-6439/aa97b2
https://doi.org/10.1039/C6LC01346E
https://doi.org/10.1039/C6LC01346E
https://doi.org/10.1039/C6LC01346E
https://doi.org/10.1039/C6LC01346E
https://doi.org/10.1126/science.1066238
https://doi.org/10.1126/science.1066238
https://doi.org/10.1126/science.1066238
https://doi.org/10.1126/science.1066238
https://doi.org/10.1039/B511524H
https://doi.org/10.1039/B511524H
https://doi.org/10.1039/B511524H
https://doi.org/10.1039/B511524H
https://doi.org/10.1073/pnas.1107046108
https://doi.org/10.1073/pnas.1107046108
https://doi.org/10.1073/pnas.1107046108
https://doi.org/10.1073/pnas.1107046108
https://doi.org/10.1103/PhysRevE.80.031903
https://doi.org/10.1103/PhysRevE.80.031903
https://doi.org/10.1103/PhysRevE.80.031903
https://doi.org/10.1103/PhysRevE.80.031903
https://doi.org/10.1357/002224014813758940
https://doi.org/10.1357/002224014813758940
https://doi.org/10.1357/002224014813758940
https://doi.org/10.1357/002224014813758940
https://doi.org/10.1016/j.physleta.2010.06.043
https://doi.org/10.1016/j.physleta.2010.06.043
https://doi.org/10.1016/j.physleta.2010.06.043
https://doi.org/10.1016/j.physleta.2010.06.043
https://doi.org/10.1017/S002211201000563X
https://doi.org/10.1017/S002211201000563X
https://doi.org/10.1017/S002211201000563X
https://doi.org/10.1017/S002211201000563X
https://doi.org/10.1140/epje/i2011-11121-9
https://doi.org/10.1140/epje/i2011-11121-9
https://doi.org/10.1140/epje/i2011-11121-9
https://doi.org/10.1140/epje/i2011-11121-9
https://doi.org/10.1017/jfm.2015.442
https://doi.org/10.1017/jfm.2015.442
https://doi.org/10.1017/jfm.2015.442
https://doi.org/10.1017/jfm.2015.442
https://doi.org/10.1038/35016528
https://doi.org/10.1038/35016528
https://doi.org/10.1038/35016528
https://doi.org/10.1038/35016528
https://doi.org/10.1073/pnas.062036699
https://doi.org/10.1073/pnas.062036699
https://doi.org/10.1073/pnas.062036699
https://doi.org/10.1073/pnas.062036699
https://doi.org/10.1098/rsta.2003.1363
https://doi.org/10.1098/rsta.2003.1363
https://doi.org/10.1098/rsta.2003.1363
https://doi.org/10.1098/rsta.2003.1363
https://doi.org/10.1007/s10404-016-1750-1
https://doi.org/10.1007/s10404-016-1750-1
https://doi.org/10.1007/s10404-016-1750-1
https://doi.org/10.1007/s10404-016-1750-1
https://doi.org/10.1039/B814371D
https://doi.org/10.1039/B814371D
https://doi.org/10.1039/B814371D
https://doi.org/10.1039/B814371D
https://doi.org/10.1007/s00332-015-9254-9
https://doi.org/10.1007/s00332-015-9254-9
https://doi.org/10.1007/s00332-015-9254-9
https://doi.org/10.1007/s00332-015-9254-9
https://doi.org/10.1103/PhysRevLett.114.188301
https://doi.org/10.1103/PhysRevLett.114.188301
https://doi.org/10.1103/PhysRevLett.114.188301
https://doi.org/10.1103/PhysRevLett.114.188301
https://doi.org/10.1017/S0022112074001819
https://doi.org/10.1017/S0022112074001819
https://doi.org/10.1017/S0022112074001819
https://doi.org/10.1017/S0022112074001819
https://doi.org/10.1017/S0022112071000879
https://doi.org/10.1017/S0022112071000879
https://doi.org/10.1017/S0022112071000879
https://doi.org/10.1017/S0022112071000879
https://doi.org/10.1063/1.869128
https://doi.org/10.1063/1.869128
https://doi.org/10.1063/1.869128
https://doi.org/10.1063/1.869128
https://doi.org/10.1017/S0022112084001233
https://doi.org/10.1017/S0022112084001233
https://doi.org/10.1017/S0022112084001233
https://doi.org/10.1017/S0022112084001233
https://doi.org/10.1143/JPSJ.57.1641
https://doi.org/10.1143/JPSJ.57.1641
https://doi.org/10.1143/JPSJ.57.1641
https://doi.org/10.1143/JPSJ.57.1641
https://doi.org/10.1007/s41315-018-0075-5
https://doi.org/10.1007/s41315-018-0075-5
https://doi.org/10.1007/s41315-018-0075-5
https://doi.org/10.1007/s41315-018-0075-5
https://doi.org/10.1017/S0022112075000614
https://doi.org/10.1017/S0022112075000614
https://doi.org/10.1017/S0022112075000614
https://doi.org/10.1017/S0022112075000614
https://doi.org/10.1007/BF02353701
https://doi.org/10.1007/BF02353701
https://doi.org/10.1007/BF02353701
https://doi.org/10.1007/BF02353701
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1088/0034-4885/72/9/096601
https://doi.org/10.1063/1.2425103
https://doi.org/10.1063/1.2425103
https://doi.org/10.1063/1.2425103
https://doi.org/10.1063/1.2425103
https://doi.org/10.1016/0020-7225(80)90017-8
https://doi.org/10.1016/0020-7225(80)90017-8
https://doi.org/10.1016/0020-7225(80)90017-8
https://doi.org/10.1016/0020-7225(80)90017-8
https://doi.org/10.1002/mats.200600037
https://doi.org/10.1002/mats.200600037
https://doi.org/10.1002/mats.200600037
https://doi.org/10.1002/mats.200600037
https://doi.org/10.1103/PhysRevE.96.033117
https://doi.org/10.1103/PhysRevE.96.033117
https://doi.org/10.1103/PhysRevE.96.033117
https://doi.org/10.1103/PhysRevE.96.033117
https://doi.org/10.1016/j.physd.2012.06.010
https://doi.org/10.1016/j.physd.2012.06.010
https://doi.org/10.1016/j.physd.2012.06.010
https://doi.org/10.1016/j.physd.2012.06.010

