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ABSTRACT: Excitable reaction—diffusion systems form a wealth of [
dissipative concentration patterns that exist not only in chemical systems
but also control or disrupt biological functions. An important example
are rotating spiral waves in the autocatalytic Belousov—Zhabotinsky
reaction. We show that the viscosity of this system can be increased by
the addition of the polymer xanthan gum. In the resulting system, we pin
spiral waves to a thin glass rod and then reposition the vortex centers by
a linear motion of the heterogeneity. The Stokes flow generated by this
motion can be a weak perturbation to the wave pattern and follows a
simple, analytical expression. Numerical simulations of a corresponding
reaction—diffusion-flow model reproduce the experimental observations
and show that the spatial extent of the flow field can vary widely around
the characteristic wavelength of the spiral. We find that a sharp spatial

decay of the flow pattern corresponds to our experimental observations, whereas more expansive flow fields surprisingly allow the

repositioning of spiral tips at speeds faster than the wave velocity.

B INTRODUCTION

Reaction conditions far from the thermodynamic equilibrium
can induce a wealth of concentration patterns including
stationary Turing patterns and traveling chemical waves.'~
Many of these self-organized structures enable, affect, or disrupt
biological processes such the aggregation of cellular slime
molds,* the pump action of the human heart,® and the uterine
contractions during child birth.® Their fundamental dynamics
are typically the result of an either excitable or oscillatory, local
behavior that extends spatially by diffusion or diffusion-like
mechanisms. Accordingly, chemical waves are found in many
nonlinear reaction—diffusion models and have been observed in
catalytic surface reactions,” on passivated metals,® and in the
Belousov—Zhabotinsky (BZ), the chlorite—iodide—malonic
acid, and other liquid phase reactions.”'

All of the latter examples are also known to self-organize
rotating excitation vortices. These concentration patterns trace
Archimedean spirals and consist of periodic wave trains that
emanate from the spiral tip in the center of the wave field."!
The tip is a phase singularity and rotates on system-specific
trajectories such as circles and epicycles.'"* Typically, these
trajectories span over distances smaller than the spiral pitch.
For topological reasons, spiral waves are created or destroyed as
counter-rotating pairs. Their dynamics and external control
have attracted considerable attention and have established an
overall good understanding of these striking patterns as well as
their three-dimensional counterparts.'* For instance, it was
shown that the spiral tip drift can occur in response to
symmetry breaking perturbations such as periodic parameter
variation, ~ static parameter gradients,m nearby boundaries,"*
and spiral interaction."”
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Most studies of spiral waves in chemical systems use the
autocatalytic BZ reaction, which involves the oxidation of
malonic acid by bromate in an acidic medium.' The reaction is
catalyzed by redox couples such as ferroin/ferriin, Ce(III)/
Ce(IV), and Ru(II)/Ru(IlI) complexes. It has long been
known that chemical waves in thin layers of the BZ reaction are
susceptible to hydrodynamic perturbations that in the presence
of a free solution/air interface result from a Marangoni
instability.'® The resulting fluid convection can alter the
reaction—diffusion dynamics of the system and even nucleate
or destroy spiral waves. To avoid these perturbations, the
reaction can be carried in polymer matrices of which agarose,
silica, and polyacrylamide gels as well as naphion and
polysulfone membranes have been popular choices that
withstand the harsh conditions presented by the BZ
chemistry.' !

A particularly interesting perturbation of the spiral wave is
the pinning of the spiral tizp to an unexcitable and/or
impermeable heterogeneity.””*® This scenario was first
considered by Wiener and Rosenblueth in 1941, who
investigated spiral wave rotation around a hole using a cellular
automaton model.** More than 30 years later, Steinbock and
Miiller demonstrated spiral pinning in experiments with the
photosensitive Ru(bpy);-catalyzed BZ reaction by creating an
inhibited pinning site with an argon ion laser.”” More recently,
a theoretical study by Biktashev et al. reported that small
heterogeneities of higher excitability can induce orbital motion
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Figure 1. Wave patterns in a thin layer of the BZ solution with xanthan gum concentrations of 0.0 (a), 0.05 (b), 0.4 (c), and 1.0% w/v (d). Bright
and dark areas indicate high and low concentrations of the oxidized catalyst (ferriin), respectively. Field of view: 2.5 X 2.1 cm®

in which the rotation center of the sgiral tip orbit revolves along
the boundary of the heterogeneity.*®

In this Article, we report experiments and simulations that
demonstrate the pinning of spiral waves to moving hetero-
geneities. The heterogeneities are disk-like glass objects and
modeled as circular no-flux boundaries. For these experiments,
we increase the viscosity of the BZ reaction by the addition of
two different polysaccharides (xanthan gum®**” and agar). Our
key finding is that spiral pinning under such conditions is
possible, although the slow motion of the heterogeneity creates
a Stokes—or creeping—flow”® in the BZ solution. We suggest
that the techniques described in this Article are applicable to
three-dimensional BZ systems, thus opening up new
possibilities for the study and control of three-dimensional
scroll waves.*’

B EXPERIMENTAL METHODS

Stock solutions of sodium bromate (Acros Organics), malonic
acid (CH,(COOH),; Sigma-Aldrich), sulfuric acid (Ricca
Chemical Co.), ferroin (Fe(phen);SO,; Sigma-Aldrich), and
0.1% w/v agar solution (Sigma-Aldrich) are prepared with
deionized water (18 MQ cm, Easy-pure UV, Barnstead) and
kept at room temperature. For each experiment, the desired
amount of xanthan gum (Sigma-Aldrich) and 10.0 mL water are
first added into 25.0 mL of 0.1% w/v agar solution. To dissolve
the xanthan gum, this mixture is carefully heated and stirred at
600 rpm for 20—30 min. After the solution has cooled to room
temperature, 3.75 mL of H,SO, (2.5 M), 3.11 mL of
NaBrOs(aq) (1.0 M), 2.40 mL of malonic acid solution (1.0
M), and 0.37S mL of Fe(phen);SO,(aq) (5.0 mM) are mixed
together. By adding an appropriate amount of deionized water,
the total solution volume is adjusted to 50.0 mL, which—
disregarding the bromination and oxidation of malonic acid—
yields the following initial concentrations: [malonic acid] =
48.0 mM, [H,SO,] = 188 mM, [NaBrO,;] = 62.2 mM, and
[Fe(phen);SO,] = 0.0375 mM.
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After stirring at 600 rpm for an additional 20 min, 14.8 mL of
the reaction solution is transferred into a glass Petri dish
(diameter 5.6 cm) to yield a solution layer height of
approximately 0.6 cm. We then generate circular (nonrotating)
waves by submerging the tip of a silver wire (diameter 1.0 mm)
in the solution for a couple of minutes. These waves are locally
disrupted by a glass rod and spiral waves occur at both of the
open wave ends. A charge-coupled-device camera (COHU
2122-1000) equipped with a dichroic blue filter is used to
monitor the evolution of the chemical wave patterns. The video
camera is positioned underneath the Petri dish. Image contrast
results from the absorption of light by the chemically reduced
form of the iron complex. Wave patterns in our experiments
can be observed for more than 6 h.

After stable spiral rotation is observed, a glass rod (diameter
1.1 mm) is positioned close to the tip of a spiral wave. In our
experiments, the vertical glass rod is essentially submerged
across the whole solution layer allowing only for a very small
gap to the glass surface of the Petri dish. This gap is necessary
to avoid friction-induced velocity variations (or jamming) of
the moving glass rod. The motion of the glass rod is generated
by a motor-driven linear actuator for which we adapt a
commercial syringe pump (New Era Pump Systems, Inc., NE-
1600). All experiments are carried out at room temperature.

Our viscosity measurements are performed with a rotational
theometer (Thermo Scientific HAAKE RheoStress 300). The
data reported here are obtained at a rotation frequency of 1.0
Hz. This low frequency was chosen because the shear rates in
our vortex pinning experiments are very small. Polymer
solutions without the BZ reagents are analyzed 1 h after
preparation.

B EXPERIMENTAL RESULTS

Figure 1 shows representative wave patterns observed in four
BZ solutions that differ only in their concentrations of agar and
xanthan gum (XG). In the absence of viscosity-increasing
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polymers (a), we do not observe stable wave patterns.
Reaction—diffusion waves are quickly perturbed by fluid
convection that is most likely caused by a Marangoni
instability® at the free solution—air interface. Similar chemo-
hydrodynamic patterns have been reported in ref 18. Addition
of only 0.05% w/v agar suppresses such spontaneous fluid
motion and we observe isotropic and well ordered chemical
wave patterns as exemplified by the spiral wave pair in Figure
1b. We attribute this effect to the polymer-dependent increase
in the solution viscosity. This convection-free BZ system serves
as the reference point for the addition of XG that allows us to
adjust the solution viscosity over a wide range of values. Notice
that agar is not suitable for this purpose as higher
concentrations of agar (or agarose) tend to compromise the
spatial homogeneity of the system and also strongly increase
the system opacity.

The usable range of XG concentrations for our BZ system
extends from zero to about 1.0% w/v. Figure 1c shows that, if
compared to Figure 1b, an addition of 0.05% w/v causes no
detectable changes in the observed wave pattern. Even at the
high concentration of 1.0% w/v (Figure 1d), the pattern
wavelength remains essentially unchanged but we notice a
grainy appearance of the BZ system. This feature is caused by a
multitude of reaction-induced CO, bubbles. At this high
polymer concentration, bubble nucleation is greatly enhanced
but, due to the system’s high viscosity, these bubbles do not rise
in the solution.

The rotation period, wavelength, and wave velocity of spiral
waves are system-specific values that are fully determined by the
reactant concentrations of the BZ system and the system
temperature.’”’ As in many other BZ studies that employ
thermodynamically closed conditions, the wave patterns slowly
change during the course of the reaction. Over time this “aging”
causes typically slower wave propagation and larger wave-
lengths. These effects are also found in our study, yielding
wavelengths and wave velocities in the ranges of 3.5—5.5 mm
and 17-23 um/s, respectively. In addition, our system shows
steadily decreasing rotation periods. As illustrated in Figure S1
of the Supporting Information, the period in the XG-free
system decreases from 320 to 21S s during the first 6 h of
reaction. Addition of XG shortens rotation periods and also
decreases the rate at which the period changes over time. At
XG concentrations of 0.8 and 1.0% w/v, this trend results in
nearly constant periods of 180 s (Figure S2, Supporting
Information). The mechanism behind this effect is unknown
but our results indicate that XG is not a chemically inert
additive. It seems possible that XG acts as a sink for inhibitory
bromide species and/or accelerates the reduction of the
oxidized iron catalyst.

Figure 2 characterizes the dynamic (shear) viscosity of XG
and XG-BZ solutions. In (a) we report the viscosity of the
polymer solution as a function of the XG concentration. These
samples contained 0.05% w/v agar but no BZ reagents;
however, our measurements show that the influence of the BZ
constituents, which are all of a low molecular weight, is very
small compared to the polymer. In Figure 2b we evaluate the
time evolution of the viscosity of a XG-BZ system at a XG
concentration of 0.4% w/v. Our results show that there are no
reaction-induced changes in the viscosity. Moreover, the time
average of 76 cP is very close to the viscosity expected from the
data shown in Figure 2a. Notice that addition of 1.0% w/v XG
increases the viscosity from about 7 cP (0.05% w/v agar) to 240
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Figure 2. (a) Viscosity of xanthan gum solutions containing 0.05% w/
v agar but no BZ reagents. The red, continuous line is the best linear fit
of the experimental data (blue circles). (b) Time-resolved measure-
ment of the viscosity of a BZ solution containing 0.4% w/v xanthan
gum and 0.05% w/v agar.

cP. All subsequent experiments employ a XG concentration of
0.4% w/v.

The increased viscosity of the XG-BZ system allows us to
move a glass rod through the solution layer without causing
long-range perturbations of the chemical wave patterns. In
addition, we can pin spiral waves to the glass rod and then
reposition the spiral tip by a slow translational motion of the
rod. A representative example for such an experiment is shown
in Figure 3. In this experiment, we follow a pair of counter-
rotating spiral waves. In the first snapshot (a), their tips are
spaced at a distance of less than one pattern wavelength. The
right spiral tip is pinned to a glass rod with a diameter of 1.1
mm. After a few rotation periods, we move the rod in a
downward direction (b)—(d). During this process the spiral tip
remains attached to the impermeable heterogeneity and follows
its motion while continuing its counterclockwise rotation. The
velocity of the pinning site is 0.18 mm/min. This value is about
6 times smaller than the average wave speed of 1.06 mm/min.
Notice that during the repositioning of the right spiral, the free,
left tip remains at its original location. In addition, we do not
observe any large-scale deformations of the wave patterns due
to fluid flow around the moving glass rod.

Figure 3e is a time—space plot constructed from intensity
profiles collected along the trajectory of the glass rod. The
moving glass rod creates a wide, diagonal band while the
narrow, bright bands correspond to individual wave pulses. The
pinned spiral emits waves in the left and rightward directions.
In the upper left segment of the plot we also observe wave
pulses that emanate from the free spiral wave. These reaction
fronts collide with the waves of the pinned spiral to form A-
shaped cusps in the wake of the moving rod. As expected, these
collision points move rightwards but over time they increase
their distance to the glass rod. This expansion of the pinned
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Figure 3. (a)—(d) Image sequence showing the repositioning of a
pinned spiral wave in a thin layer of the BZ solution. The viscosity of
the system has been increased by addition of 0.05% w/v agar and 0.4%
w/v xanthan gum. Time between frames: (a), (b) 1200 s; (b), (c)
1200 s; (c), (d) 1400 s. Field of view: 2.6 X 2.4 cm* (e) Time—space
plot of the experiment in (a)—(d) constructed along the trajectory of
the moving heterogeneity.

wave field is surprising and might be the result of a pinning-
induced increase in rotation frequency.

The experiment in Figure 4 probes the response of the
pinned and moving spiral tip to a sudden increase in the speed
of the heterogeneity. In (a) and (b), the glass rod is moving at a
speed of 0.18 mm/min and the spiral tip follows successfully.
Shortly after (b), the speed is increased to 0.72 mm/min. In
response, the originally pinned tip loses contact and after a
transient period of mild shape deformations (c) and settles into
a new stationary position (d). Notice that the shape
deformations of the unpinned spiral in (c) include a widened,
“washed out” wavefront. In addition, we find that the fast
moving heterogeneity breaks the wavefront ahead of the tip and
nucleates a new pair of spiral waves (see lower edge of Figure
4d). From several, systematic experiments we estimate the
maximal pinning velocity as 0.36 mm/min.

B MODEL AND COMPUTATIONAL METHODS

To obtain further insights into the pinning of spiral waves to
moving heterogeneities, we perform numerical simulations
based on the Barkley model,'**> which is frequently used to
simulate waves in excitable media. This reaction—diffusion
model includes two variables, u and v, performing as the
activator and the control species in the system. To accord with

6822

Figure 4. Response of the system to a sudden increase in the velocity
of the pinning heterogeneity. The pinned spiral (a) follows the slowly
moving glass disk (b) but when the speed is increased from 3 to 12
um/s, it loses contact (c) and the heterogeneity induces a new spiral
wave pair (d). Time between frames: (a), (b) 3548 s; (b), (c) 748 s;
(c), (d) 2658 s. Field of view: 2.7 X 3.0 cm

the experiments, we extend the Barkley model by adding
advection terms to both the u and v variables. The advection
terms describe the fluid dynamics of the excitable media when
the heterogeneity is moving. The complete model equations are

9u _ Du§2u + e lu(1 - u)(u vt b) - Vu

ot a (1)
ov -2 -
—=DVv+(u—v)—cVv

5 =D (u—v) @

In this model, the parameters ¢, g, and b are kept constant at
0.02, 0.9, and 0.08, respectively. In our simulations, the two
diffusion coefficients always obey D, = D, and are varied
between 0.1 and 10. For this set of parameters, the trajectory of
the unperturbed spiral tip is a simple circle. The two-

dimensional vector field T in the advection terms consists of
the components c, and ¢, that describe the velocity of the fluid
in the x and y directions, respectively. To obtain the proper
expression for this flow field, we follow a well-established
method®® and consider the streamline function in polar

coordinates (r, 8):
ViR
sin @
r 3)
In three dimensions, this streamline function describes the
Stokes flow generated when a cylinder of radius R slowly moves

through an otherwise static fluid with a velocity V. We
transform eq 3 to Cartesian coordinates (x, y)

ViR*
Nk
.

V= )
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and then derive ¢, and ¢, from ¢, = —dy/dy and ¢, = dy/0x

2 2
R 2R

C

T (s)
2V,R?

c, = X

T A Y (6)

Equations 1 and 2 are integrated by the explicit forward Euler
scheme with a typical space step of 0.25 and a time step of 6.25
X 107>, In Figure 6 the grid spacing is 0.1 in (a), (b) and 0.6 in
(), (d) and the time step is 1.0 X 107 in (a), (b) and 3.6 X
102 in (c), (d). In most simulations, the lattice measures 300 X
300 spaces units and is represented by 1200 X 1200 grid points.
A five-point stencil is used to evaluate the Laplacian. The initial
state of the system contains a spiral wave pair, one of which is
pinned to a circular heterogeneity. The spiral wave pair is
generated by creating an excited stripe (1 = 0.8) next to an
inhibitor stripe (v = 0.5), located at the center of an otherwise
excitable space (u = 0, v = 0). The two ends of the excited stripe
bend toward the v-bar and nucleate the desired spiral wave pair.
To ensure transient-free pinning, we wait for ten rotation cycles
prior to moving the heterogeneity. In all figures, the
heterogeneity moves in the downward direction (Figure S).
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Figure S. Simulation of a counterclockwise rotating spiral wave
(orange band representing high u values) in a dimensionless reaction—
diffusion-flow model. The spiral tip is pinned to a circular
heterogeneity (black disk). This disk has a no-flux boundary and
moves at a speed of V. The Stokes flow generated by this motion is
shown as the blue vector field for which the vector length is
proportional to the local velocity of the fluid. For the parameters Vy =
0.6, R =2.5,and D, = D, = 1.0 used in this example, the flow occurs
mainly near the spiral center.

The lattice has periodic boundaries along the top and bottom
edges and Neumann (no-flux) boundaries along the left and
right edges. Notice that the system must be sufficiently large to
ensure that at these boundaries the flow field defined by eqgs S
and 6 has decayed to very small values. We implement
Neumann boundaries for the moving disk using the phase-field
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method reported in ref 33. For this, we define a field ¢, which is
equal to 0 inside of the moving disk and equal to 1 outside of it.
The interface is smoothed by applying the function

1 1
r) = — + — tanh((r — R)/
#r) = 1+ L anh((r = R)/©) .
where R is the radius of the disk and r measures the distance to
the center of the disk. The parameter £ determines the width of
the interface and is kept constant at 0.25 for all our simulations.
The original variables u and v in the eqs 1 and 2 are substituted

by ¢u and ¢v, yielding
o(gpu)
ot

= ﬁ(Du(/)ﬁu) + pelu(1 — u)(u -

% = V-(DpVv) + ¢p(u — v) — ¢V

©)

B COMPUTATIONAL RESULTS

The main features of our model are illustrated by the simulation
result in Figure 5. The spiral tip is tightly attached to the
Neumann boundary of the disk, which is a realistic
representation of the experimental situation. The blue arrows
denote the flow field generated by the downward moving disk.
Notice that in this example, the fluid velocity decreases to
nearly zero over a distance of less than one wavelength of the
spiral. This relation, however, can be changed by varying the
flow-field defining parameters (R and V3) and/or the
wavelength-selecting parameters of the reaction—diffusion
core of our model. Among the latter parameters, the diffusion
coefficients (D, = D,) are a convenient choice because, in the
absence of fluid motion, they affect the pattern wavelength A
according to A o« D,% The latter approach is used in the
following to evaluate the relation between the flow-controlled
and the reaction—diffusion-dependent length scales.

Figure 6 shows two different simulations of a spiral wave pair
in a large domain. Panels a and b represent the entire system
area, whereas panels ¢ and d show only a smaller section and
omit one of the two rotors. In each case, one of the spirals is
pinned to a (downward) moving disk. The simulations differ
only in their diffusion coefficients yielding a short vortex
wavelength for D, = D, = 0.1 in (a,b) and a long wavelength for
D,=D,=10in (c,d). Also the time elapsed between the frames
(a), (b) and (c), (d) is identical.

The dynamics illustrated by the snapshots in Figure 6¢,d are
similar to the behavior of the experimental system. The spiral is
firmly pinned to the disk and rotates around this heterogeneity
while being transported in the downward direction. We note
that this scenario is similar to the response of spirals pinned to
moving laser spots in photosensitive, convection-free BZ
systems.”> The wave dynamics in Figure 6a,b, however, are
markedly different and clearly reflect the presence of fluid flow.
While the spiral tip is also pinned to the disk, it fails to rotate
around the heterogeneity and rather forms a trailing, straight
wave segment. Moreover, the downmost wavefront is strongly
deformed ahead of the moving disk. Clearly, this wave is faster
than the unperturbed fronts as it is being pushed forward by the
disk’s flow field. We reemphasize that the disk radius and the
disk speed are identical in these two simulations, thus
generating identical flow fields around the moving hetero-
geneities.
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a b

Figure 6. Two simulations illustrating the influence of the diffusion
coefficient on the pinning and repositioning process. (a), (b) Two
snapshots of a simulation at D, = D, = 0.1. Here the tip is pinned to
the heterogeneity (black disk) but does not rotate. (c), (d) Two
snapshots of a simulation at D, = D, = 10.0, for which the impact of
the flow field is small. All other parameters are identical for the
simulations in (a), (b) and (c), (d) including Vg = 2.4 and R = 12. The
time elapsed between the frames (a), (b) and (c), (d) is 12.42.

We suggest that certain aspects of the scenarios shown in
Figure 6 can be evaluated in terms of a Péclet number Pe that
compares the rate of advective transport to that of diffusion

Pe = RV;/D, (10)

using the disk radius R as the characteristic length. Pe is related
to the Reynolds number Re and the Schmidt number Sc by Pe =
Sc X Re where Sc is the ratio of the kinematic viscosity to the
diffusion coefhicient. For the simulations shown in Figure 6, the
dimensionless number Pe equals 288 in (a), (b) and 2.88 in (c),
(d). Accordingly, these simulations are examples for strong (a),
(b) and (by comparison) weak Stokes flow (c), (d).

We also evaluate whether our simulations can reproduce the
repositioning of a spiral over larger distances. With this goal in
mind, we first determine a lower limit for the experimental
Péclet number. The relevant parameters of the experiment in
Figure 3 are R = 0.055 cm and V3 = 3 X 107* cm/s. If we
further consider the diffusion coefficient of the autocatalytic
species (HBrO,) in water (D =2 X 1075 cm?/s), we obtain Pe
= 0.83. Any polymer-induced decrease in D would increase Pe
but such changes cannot be large because the spiral wavelength
does not change significantly with the XG concentration
(Figure 1).

The computational results in Figure 7 are obtained for
conditions that correspond to Pe = 1.5, which should be a
sufficiently close representation of the experiment in Figure 3.
In addition, we adjusted V4 to match the experimental disk-to-
wave speed ratio that we measured as 0.19. The simulation
involves a spiral wave pair for which one tip is pinned to an
impermeable, disk-shaped object. This starting condition is
shown in Figure 7a where the pinning heterogeneity is plotted
as a black disk. After several rotations of the pinned vortex, we
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Figure 7. (a)—(d) Sequence of snapshots of a spiral wave pinned to a
moving heterogeneity (small black disk). The red dotted line in (a) is
the trajectory of the downward moving disk. Only a quarter of the
simulation space is shown. Model parameters: V4 = 0.6, R = 2.5, and
D, =D, = 10.

steadily move the heterogeneity along the red dotted line in the
downward direction. The subsequent frames (Figure 7b—d)
show that the spiral tip remains pinned during this process. In
addition, we observe no position change for the free, clockwise
rotating spiral. These observations are in good agreement with
the experiment. We can further conclude that in both the
experiment (Figure 3) and the simulation (Figure 7), the
impact of the Stokes flow on the reaction—diffusion vortex is
small and tightly localized around the disk. This conclusion is
further supported by an evaluation of eqs 5 and 6 because the
corresponding equation c(r) = V4R?/r* predicts a rapid decay of
the fluid flow. For instance, in the experiment shown in Figure
3, we use V=3 X 107> mm/s and R = 0.55 mm, which implies
that the fluid speed decreases down to 10% over a distance of
1.74 mm as measured from the disk center and 1.19 mm as
measured from the edge of the heterogeneity. The latter value
is approximately one-quarter of the wavelength of the free spiral
(4.7 mm).

Figure 8 shows a time—space plot for the simulation in
Figure 7. The diagram is constructed from a sequence of u-
profiles obtained along the trajectory of the moving disk. The
disk motion generates the wide, blue stripe whereas the thinner,
black bands are generated by individual wave pulses. Overall,
the dynamics summarized in Figure 8 are in excellent,
qualitative agreement with the experimental data in Figure 3e.

Lastly, we note that the pinning-mediated repositioning of
spiral waves is only possible up to a maximal disk speed. We did
not systematically investigate this limit yet because in our
model it depends on six different parameters and possibly on
factors such as neighboring wave patterns and phase relations.
However, results similar to the one in Figure 6a,b indicate that
the fluid flow around the moving disk can stabilize the pinned
wave pattern, thus allowing the repositioning of the tip at
speeds that are not possible without Stokes flow. This perhaps
counterintuitive result can be seen in Figure 6ab where the

dx.doi.org/10.1021/jp5060292 | J. Phys. Chem. A 2014, 118, 6819—6826
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Figure 8. Time—space plot obtained from the simulation shown in
Figure 7. The plot shows the wave dynamics along the trajectory of the
moving heterogeneity. This disk motion generates the wide, blue stripe
where as all black bands correspond to high u values.

ratio of disk to wave speed is larger than 1. In the absence of
Stokes flow, such a fast heterogeneity would rapidly lose the
spiral tip.

B CONCLUSIONS

This study establishes xanthan gum as a convenient choice for
creating highly viscous BZ systems. The polymer is
commercially available and has a sufficiently small impact on
the aggressive BZ chemistry. In this respect it adds a valuable
alternative to the use of polyacrylamide that up to now has
been the exclusive choice for the study convection-free, liquid
BZ systems.>* We reemphasize that viscous BZ media allow for
a wide range of experimental studies that cannot be carried out
in gel or membrane-based systems. One important example is
the study of self-motion in BZ systems;*> others include the
controlled creation of three-dimensional scroll waves and their
manipulation by physical obstacles and reactive solids such as
inhibitory iron and activating silver wires.”*® In this context, it
is important that the flow field around the moving disk can be
much smaller than the spiral pitch, thus causing only weak
perturbations to the wave pattern. This scenario seems ideally
suited for future investigations of scroll waves pinned'”* to
moving heterogeneities.

In addition our approach contributes to the expanding field
of chemo-hydrodynamics.*” > Specifically, our results open up
new possibilities for the study of chemical self-organization
under the influence of fluid motion that is (i) not affected by
the concentration pattern and (ii) well characterized and simple
(at least by comparison to Marangoni'® and other complex
flows). So far, this type of reaction—diffusion-flow systems had
been investigated primarily in the context of linear shear flow
and for flow-driven instabilities in laminar pipe flow.***' In the
spirit of our work, we suggest that future studies could evaluate
specifically the impact of creeping flow generated by rotating
disks which we expect to create chirality-dependent perturba-
tions on spiral waves. Additional studies are also needed for a
satisfactory description of the effects of translating hetero-
geneities. Among the unstudied phenomena, we emphasize the
flow-induced disruption and subsequent nucleation of spiral
waves which clearly deserves quantitative investigations.
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Figures showing the time dependence of the rotation period for
various concentrations of xanthan gum and additional data on
flow-induced wave deformations. Movies of the experiment in
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available free of charge via the Internet at http://pubs.acs.org
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