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Accelerating chemical waves accompanied by traveling hydrodynamic motion

and surface deformation
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A chemical trigger wave is initiated which propagates with accelerating speed in a thin liquid layer of
the oscillatory Belousov-Zhabotinsky reaction. The localized phase gradient of the oscillation and in-

duction of a hydrodynamic motion traveling with the chemical wave are possible causes for the accelera-

tion. Evidence for pronounced hydrodynamic flow is supplied by digital processing of images visualizing

flow patterns under the microscope. Surface deformations due to the hydrodynamic motion are ana-

lyzed by Mach-Zehnder interferometry.

PACS number(s): 47.70.Fw, 82.20.Mj, 47.20.Dr

I. INTRODUCTIVE II. EXPERIMENTS

Spatiotemporal organization in nonequilibrium systems
is of great current interest in many disciplines of science
[1]. A well-known example of structures forming far
from thermodynamic equilibrium is found in the chemi-
cal waves traveling in the Belousov-Zhabotinsky (BZ) re-
action [2]. In an unstirred and shallow layer of this solu-
tion, circular and spiral-shaped chemical waves are ob-
served. Their occurrence has been treated theoreticaHy
by modeling the coupling of reaction and diffusion [3,4].

Pattern dynamics due to the interaction of reaction-
di6'usion waves with convective Bow has attracted in-
creasing attention. Convective e6'ects accompanied by
chemical-wave propagation in covered and uncovered
shallow layers have been studied by several authors
[2,5 —7]. Novel hydrodynamic phenomena in chemical
waves were detected in systems minimizing evaporative
cooling by a protective cover: an oscillatory How induced
by periodic passage of spiral wave trains [8,9] and hydro-
dynamic How traveling with a circular wave [10]. How-
ever, in spite of several experimenta1 and theoretical ap-
proaches [11—13], the mechanism of this type of hydro-
dynamic phenomenon has not yet been clarified.

Here we report on the initiation of a chemical trigger
wave with pronounced amplitude, the speed of which is
accelerated during propagation. This acceleration is as-
sociated with a hydrodynamic motion in the liquid layer,
as detected by computerized velocimetry based on image
sequence processing of the propagating chemical waves
in the investigated excitable BZ-solution layer. Further-
more, we apply Mach-Zehnder interferometry to measure
propagating surface deformations induced by the spon-
taneously driven convection. Surface deformations, wave
velocity, and induced hydrodynamic motion are found to
depend strongly on the time when waves are triggered
after mixing the solution.

The preparation of a "classical" excitable BZ solution
with an initial mixture of 48 mM NaBr, 340 mM
NaBr03, 95 mM CH2(COOH)2, and 378 mM H2SO4 has
been previously described [7,8]. For measuring hydro-
dynamic liow, polystyrene particles (diameter 0.5 pm)
serving as scattering centers were mixed into the solution.
Subsequently, the catalyst an'd indicator ferroin (3.5 mM)
was added for starting the reaction (t =0). Immediately
afterward, a volume of the mixture producing a layer of
about 0.85 mm depth was poured into a Petri dish (diam-
eter 7 cm). In the layer thus prepared, one circular wave
was triggered by immersing a silver wire (diameter 0.2
mm) for a given time period (1—10 s). Fresh mixtures
were prepared for every new experiment using super pure
water (relative resistance 20 MQm) obtained from Ad-
vantec Aquarius GSU-901 which filters out dust particles
by a 0.5-pm Millipore filter. The room temperature was
kept at 25+1'C. %'e note here that the used mixture is
not strictly excitable, in that long-period bulk oscillations
(5 —8 min) occur if no wave is triggered at all in the layer.

For quantitative measurements of the chemical dynarn-
ics, two-dimensional (2D) spectrophotometry [7], 2D
velocimetry based on image sequence processing [8,12],
and Mach-Zehnder interferometry are introduced. The
propagating characteristics of the chemical waves are ob-
served by a CCD camera with a 490-nm bandpass filter
according to a standard procedure. For measuring hy-
drodynamic flow, computerized velocimetry based on im-

age sequence processing is applied. The apparatus con-
sists of a He-Ne laser, an inverse microscope, a CCD
camera, a personal computer with image acquisition
board, and a work station network. The details of the
system configuration and the velocimetry are reported
elsewhere [8,12]. In order to obtain quantitative evidence
and global properties of the surface deformation due to
the hydrodynamic Aow induced by chemical reaction, a
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Mach-Zehnder interferometer (MZI) is used which uti-
lizes the surface of the reactive layer as the lower mirror.
The upper mirror and two half mirrors in this setup have
the maximum grade of A, /20 ( A, =6328 A ) for both fiat-
ness and uniformity over an area of 70 mm in diameter.
By the phase difT'erence of the light refiected at a Bat sur-
face, a periodic interference pattern with equidistant
stripes (fringes) is observed on the the screen. Any sur-
face deformation results in a corresponding fringe shift.
From the shifting direction one can determine whether
the surface deformation is a hill (convex) or a valley (con-
cave). During chemical wave propagation, the dynamic
behavior of the interference fringe pattern is monitored
by a CCD camera and recorded on a video tape recorder
(JVC Co., BR8600).

III. RESULTS AND DISCUSSION

Experiments were carried out by triggering one circu-
lar wave close to the boundary of the Petri dish with a
silver wire. By carefully cleaning the dish, spontaneous
initiation of other waves was suppressed. When the cir-
cular wave is excited by a normal triggering procedure
(e.g., by immersing the silver for 1 s in the BZ solution), a
constant propagation velocity of chemical activity is ob-
served. However, immersing the wire for a longer dura-
tion (e.g. , for 10 s) a very rapid and accelerating chemical
wave appears in the solution layer, as shown in the pic-
ture sequence of Fig. 1 . The pronounced reactive front is
here referred to as "big wave. " Remarkable characteris-
tics of this wave are (1) a broad and big oxidized front re-
gion [about 1 cm, see Fig. 1(c), (2) rapid wave propaga-
tion with accelerating speed (see Fig. 2), and (3) spon-
taneous formation of spiral structures behind the passing
wave [see Fig. 1(d)]. For the triggering conditions of the
big wave it is important that a clean dish and pure water

are used, the immersing period of the wire is longer than
5 s, the delay between solution preparation and trigger
time is more than 3 min, and only one pulse keeps travel-
ing through the layer.

The propagation velocities of the wave front were mea-
sured as a function of time after mixing the catalyst, and
its temporal change is summarized in Fig. 2. It shows an
accelerating propagation of the big wave [Figs. 2(b) —2(d)]
and a strong dependence on the trigger time t„atwhich
a circular wave is excited at one end of the dish. As t„is
delayed, the rate of change of the wave propagation ve-
locity increases. For comparison, the propagation veloci-
ty of the ordinary trigger wave is also shown [Fig. 2(a)],
which remains almost constant and does not depend ont„.

Following previous studies on the possible role of hy-
drodynamic phenomena [10,12], we carried out measure-
ments of the motion of suspended scattering particles
near the surface of the solution layer at the center of the
dish. We found that, in fact, a pronounced How is in-
duced by the propagating wave, as shown in the temporal
traces of Fig. 3. Curve (a) represents the case of ordinary
trigger wave (trigger time less than 1 s), which is accom-
panied by only moderate hydrodynamic Aow (below 100
pm/s [10]). On the other hand, very rapid hydrodynamic
motion is associated with the big wave propagation [Figs.
3(b) and 3(c)]. The maximum Qow velocity can attain al-
most 3000 pm/s. Thus, it is almost 30 times faster than
that induced by an ordinary wave. Due to this rapid flow
there appear, in the wake of the big wave, spatial inho-
mogeneities which finally result in front breaking and
subsequent formation of spirals.

Investigation of wave propagation with a Mach-
Zehnder interferometer reveals that ordinary trigger
wave passage through the observation area (diameter 25
mm) results in an interference pattern of parallel fringes
without any modulation, i.e., surface deformations are
not detectable. By contrast, for the big wave, a distinc-
tive change of the width and periodicity in the fringe pat-
tern occurs, as shown in the image sequence of Fig. 4.
The expansion and contraction of the fringe spacing in
the course of time corresponds to the convex and concave
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FIG . 1 . Picture sequence showing front propagation of a "big

wave, " triggered by 10 s immersion of silver wire at trigger time
t t 5 min {after mixing the catalyst to the BZ regent) .

Time t(min)

FIG. 2. Temporal change of propagation velocity (v„)of a
wave. (a) Ordinary wave triggered at t„=1 min after mixing
(by 1 s immersion); (b), (c), and (d) big waves triggered at t„=1,
3, and 5 min (by about 10 s immersion), respectively. The veloc-
ity of the big waves is accelerated with time and strongly de-
pends on the trigger time.
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FIG. 5. Temporal trace of the surface deformation H caused
by the big wave propagation; origin of time axis chosen at
trigger time t„=157s. Maximum deformation H,„=2.7 pm.

FIG. 3. Temporal traces of hydrodynamic motion velocity
(Uz ) induced by chemical-wave propagation. (a) Ordinary wave
triggered at t„=1min after mixing; (b) and (c) big waves trig-
gered at t„=1and 5 min (10 s immersion), respectively. The
velocity U& associated with the big wave is almost 30 times faster
than that of the ordinary wave.

shapes of surface deforrnations, respectively. In this ex-
arnple, the circular wave is triggered 157 s after mixing
the catalyst, and the surface deformation H propagates
across the observation area with a velocity of approxi-
mately 300 pm/s. The temporal trace of H shown in Fig.
5 was obtained at the observation point marked with a
cross in Fig. 4(a). The maximum deformation H,

„

is 2.8
pm, which is about 0.3% of the solution depth. It travels
across the detection area with a visible width of 1.2 crn.
The ratio between height and width is approximately
5 X 10, which emphasizes the smallness of the deforma-
tion. According to the simultaneous observation with a
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real image, H,„appears at a distance of Ax =1 mm in
front of the corresponding wave front, comparable to the
layer depth. This supports the existence of a convection
role in the convex position.

The maximum deformation H,„and the maximum
propagation velocity U,„ofthe big wave were measured
for various trigger times t„.Figure 6 shows that the in-
verse values l/H, „and l'/U, „depend linearly on t„.
This leads to the empirical relationships (H,

„
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FIG. 4. Distortion of fringe pattern in a Mach-Zehnder in-

terferometer caused by the big wave propagation from the top
to the bottom; t„=157 s.

FIG. 6. Inverse of maximum deformation H,'„(a),and of
maximum propagation velocity U,'„(b)of the big wave as a
function of trigger time t„.Here, c„c2,c3, and c4 show the
measured points. the straight line is determined by linear re-
gression. The values co and tk are obtained by extrapolation.
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v,
„

in mm/s, t„in s)

1/H, „=—0.004 05t„+1.02,

1/v, „=—0.03 5 8t „+8.83 . (2)

By extrapolating Eq. (1) the divergent point of the de-
formation is estimated as tk =251.6 s. Almost the same
value (tk =246.7 s) results from extrapolating Eq. (2).
This points to a possibly simple analytical connection be-
tween H „andv,„,indicating a critical behavior which
should be accounted for in the mechanistic understanding
of the big wave. Especially, one has to consider that the
BZ solution used here is not strictly excitable, but oscil-
lates with a long period ( —8 min). Precise measurements
around the critical time tk would be desirable. They are
difficult, however, because the condition of isolated wave
propagation in the hole solution layer cannot be easily
maintained due to spontaneous initiation of waves in this
critical situation. Once multiple waves are excited, the
occurrence of the big wave and surface deformations are
extremely reduced.

IV. CONCLUDING REMARKS

The usual properties of the big wave cannot be ex-
plained on the basis of diffusion-reaction models alone.
Most likely, the oscillatory nature of the BZ solution and
the hydrodynamic flow [8—10] accompanied by the wave
have to be taken into account. The formation of a "phase
wave (pseudowave)" [14] and a "phase diffusion wave"

[15], as observed in the latest phase of the reduced state

of the oscillatory BZ solution, could explain the ac-
celerating nature of the big wave. In fact, a very rapid
propagation of a chemical wave was recently found in an
oscillatory BZ-solution layer in which a phase gradient
was artificially established by propagation of one circular
wave [12] (after the wave propagation spatially nonsyn-
chronous oscillation is realized in the solution which pro-
duces a global phase gradient). A second wave following
the first one propagates with accelerating speed just as
the big wave discussed here. However, this big wave can
be distinguished clearly from the phase waves (including
phase diffusion waves). In contrast to the phase waves,
the big wave can be triggered at the early stage of the re-
duced state, and it is initiated in a homogeneously re-
duced BZ-solution layer in the absence of any global
phase gradient. The long duration of immersing a silver
wire for its initiation ( —10 s) could establish a localized
concentration gradient of Br ions, and thus a phase gra-
dient sufficient for local speed acceleration and simultane-
ous coupling to a hydrodynamic motion. Further ac-
celeration of propagation speed by this motion is likely to
occur. At the present stage no mechanistic explanation
of this phenomenon is available, which calls for more de-
tailed experimentation and modeling efforts on the chem-
ically driven hydrodynamic motion and its coupling to
reaction-diffusion patterns.
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