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Electric-field-induced front deformation of Belousov-Zhabotinsky waves
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Experimental evidence is given of deformations in the vertical profiles of ferroin-catalyzed Belousov-
Zhabotinsky waves propagating in thin horizontal cuvettes under an imposed dc electric field. While no
deformations are seen in a zero field, for low negative field, or for any positive field, a prondBretexped
deformation does occur when a wave is exposed to a negative field above some critical magnitude. The
observed phenomena are discussed on the basis of the convective flows that are assumed to increase in the
negative field resulting from changes in the longitudinal profile of the wg&#063-651X99)05507-5

PACS numbes): 47.20.Bp, 47.70.Fw, 82.20.Mj, 66.30.Qa

[. INTRODUCTION nous acid—iodat¢18-2(, iodate-sulfite]21], and other re-
actions[22—-24 supporting the propagation of front waves.

Belousov-ZhabotinskyBZ) waves are a well-known ex- Theoretical discussiofil7,18,25 has shown that a density
ample of reaction-diffusion pulse waves which can propagat@radient can be established between the unreacted medium in
in spatially distributed chemical systems with autocatalyticfront of the wave and the reacted medium behind the wave as
reactions[1,2]. It is also well known that imposing electric @ result of the production of heat and changes in the mixture
fields on such systems, causing the electromigration of theomposition during the course of the reaction. The density
ionic reacting species, can substantially affect both the wav@radient thus created then induces a local convective flow
form and the velocity of propagatidi3—10]. BZ waves are that can cause a variety of distortions of the wave profiles
found to propagate faster against a gradient of electric poterflepending on the system geometry and the nature of the
tial and slower along if4]. When moving in a gradient of density gradient in the particular reacting syster—24.
electric potential of supercritical magnitude, BZ waves are In this paper, we report experimental observations of de-
subject to global electric-field-induced phenomena that acformations of transverse profiles of ferroin-catalyzed BZ
count for (i) the splitting of new waves from the back of the waves propagating in horizontal capillaries with the liquid
existing one(ii) the reversal of the direction of wave propa- medium under the influence of dc electric fields. We show
gation, (i ) wave annihilatior{4,8—10, and(iv) drift of spi-  that the virtually planar waves which propagate under zero
ral cores[6,7]. field conditions become substantially deformed when the

When traveling waves and the effects of imposed electrigvave propagates towards the negative electrode. Conversely,
fields are studied, the reaction mixture is usually bound in 410 such deformations are observed when the wave propa-
gel in order to prevent hydrodynamic flows in the systemgdates towards the positive electrode. The impact of wave
[6—10]. Convective flows have been measured in thin hori-profile deformation on the course of global electric-field-
zontal layers of the liquid phase BZ medium without an im-induced phenomena such as wave splitting and reves |
posed electric field. Regular and irregular flow patterns havés demonstrated, and the conditions under which these global
been shown to arise in very thin laydfs85 mm deepwith  electric-field-induced phenomena maintain  quasi-one-
an open liquid/gas interfackl1] as a result of changes in dimensionality are discussed. An attempt is made to explain
surface tension induced by traveling wave traji€]. In  the occurrence of wave deformations in an electric field on
closed layers, which are considered here, the convectivée basis of the increased local convective flows.
flows have been found to be very small in thin layérean

velocity 1 ums ! in a layer 1.5 mm degpand to increase Il EXPERIMENTS
remarkably quickly with the layer thicknegmean velocity '
20 ums tin a 3.5 mm layer[13]. These flows were as- The experiments were carried out in the capillary reactor

sumed to be responsible for the decomposition of targeshown in Fig. 1a). A quartz-glass rectangular cuvett8C)
wave patterns into “mosaic” ones in the 3.5 mm layers.with outer dimensions 8 9x 84 mnt forms the main part of
Indications of the onset of convection are also given by exthe reactor. The cuvette, fitted into two filling chambers
perimental observations of vertically propagating (FC), is mounted between two electrolytic celliE€C)
Mn?*-catalyzed BZ waves in a tube of a somewhat largerequipped with platinum plate electrodéBE). The cuvette
inner diameter4.3 mmn) showing plumes arising at ascend- and both electrolytic cells are filled with the same reaction
ing waves while no deformations of wave profiles were ob-solution that consists of 0.266 HBrO;, 0.00M NaBr,
served in descending wavgs4]. 0.05M malonic acid, and 0.002 ferroin (the same as in
The destabilization of reaction-diffusion waves in liquid previously reported experiments on electric-field effects
media has been widely reported for many other autocatalytif8,9].) Custom-made Teflon membran€EM), placed be-
reacting systems such as ir@h)—nitric acid[15—17, arse- tween each of the filling chambers and electrolytic cells, al-
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cuvette lengtHwith a spatial resolution of about 1Zm per
pixel). The recorded images were digitized and processed by
various commercial software programs to obtain data for fur-
ther evaluation. Sever&goRTRAN77 codes have been devel-
oped to evaluate the velocities of the propagating waves and
to measure the changes in wave deformation and width.

lll. RESULTS

The following convention is used throughout: the electric
field (the applied voltageis referred to as positive when a
wave propagates towards the positive electrGae, against
the gradient of electric potentjabnd as negative when a
wave propagates towards the negative electi@ée in the
direction of the electric potential gradignAs the intensity
of electric field(E) is directly related to the applied voltage
U (E=U/d, whered is the fixed distance between the elec-
trodes the value of the applied voltage is used to represent
the electric-field strength.

Three rectangular cuvettes of different inner cross sec-
_ tions (namely, 0.50.5mnf, 0.7X0.7mnf, and 1

FIG. 1. (@) Scheme of the experimental setup. GC—rectangular, 1 mnp?) were used to investigate the stability of the trans-
glass cuvette(inner cross section: 0:50.5, 0.70.7, or 1 56 profile of BZ waves propagating in the applied electric
<1 mmz,_outer c.ross section: 09 mi?; Ifength: 84 mny, EC— _field. The transverse profiles of the wave front are essentially
electrolytlc cells; FC—iilling chambe-rs, SP—sn_hcon packings; planar in all three cuvettes when no electric field is applied.
TM—microporous Teflon membranes; PE—platinum electrodes . _— .
ST—stoppers.(b) Monitoring arrangement. GC—glass cuvette; Howevgr, slight random deviations from planar of the verti-

cal profile are observed.

MR—mirrors; S—side andT—top view of the cuvette with the Tvpical fil ithout . d field il
vertical and the horizontal profiles of the traveling waves, respec- ypical wave proflies without an imposed fieid are 1lius-

tively. (Two waves approaching each other in the 1 mm cuvette ardr@t€d in Fig. 1b) in @ snapshot of two counterpropagating
shown. The lightest zones mark the excited regions, the dark regiof@ves in the 1 mm cuvette. The horizontal profiles of both
between them corresponds to unreacted medium, gray zones on tHVes are planar but differences in their vertical profiles are
left and right of the snapshot represent refractory regjons. visible. The vertical profile of the left wave appears planar
while the one on the right is slightly tilted with its top ahead
low for migration of ions when an electric field is switched of the bottom. Other forms of vertical profile deformation
on and, at the same time, eliminate possible macrohydrodywvere also observed, including slightly convex or concave
namical flows through the cuvette. After the cuvette is filledshapes or tilted fronts with either the bottom or top preced-
with the reaction solution, the openings of both filling cham-ing. The deformations are evaluated as the distance between
bers are tightly closed by stoppdST) in order to eliminate the most advanced and the most retarded part of the wave
CO, bubble formation by the BZ reaction in the cuvette. Thefront and expressed as a percentage of the inner width of the
whole reactor is then placed in a water bath thermostated guvette. They vary from 5% to 11% for the 0.5 mm cuvette
15°C. and from 5% to 17% for the 1 mm cuvette. The deformation
Oxidation waves were spontaneously generated at bot@f the horizontal profiles was found to be at most 5% and it
ends of the cuvette and propagated into it. Each experimerig this value that we ascribe to the noise in the recorded data.
lasted about 2 hours on average. During that time either ond) spite of these slight random deformations the reaction
two, or three subsequent waves were formed at the endfont always occupies the whole cuvette cross section. Thus
Wave generation is rather random and the number of wavel§e wave propagation can be regarded essentially as a one-
generated is also affected by the applied electric field, whictglimensional process.
facilitates wave initiation at the end closer to the negative The effects of applied dc electric fields of constant mag-
electrode and suppresses it at the opposite end. The wavaiude on the shape of the horizontal and the vertical profiles
propagate with constant velocities both under the effects off BZ waves are illustrated in Fig. 2. In Fig(&} a wave
an electric field and without itcf. also[4]) and their veloci-  propagates from right to left in a zero field exhibiting a pla-
ties are in the order of millimeters per minuif. also[4]).  nar profile in the horizontal direction and a slightly tilted
The waves were followed visually utilizing the difference profile in the vertical direction with the upper part preceding
in light absorption between the reduced and oxidized parts dhe lower one. When a positive voltagdl € +50V) is ap-
the reacting medium. A light beam was split by mirrors intoplied, the wave accelerates f=1.46 mm/min andv ,sqy
two beams passing through the cuvette in vertical and hori=1.766 mm/min) with the transverse profile remaining pla-
zontal directions(transverse to the longitudinal axissee nar [Fig. 2(b)]. When a negative voltage is appliet) €
Fig. 1(b). Both horizontal and vertical profiles of the pulse —90V), the wave slows down v(=1.03 mm/min and
wave were thus monitored simultaneouélly a Hamamatsu v _soy=0.65mm/min) and the vertical profile adopts &n
C1000 video camejand recorded on videotape. The optical shape with the bottom part preceding the top plig. 2(c)].
setup allows the monitoring of approximately 8.5 mm of theAfter the voltage is switched off, the vertical wave profile

(VIDEORECORDER)]
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S-shape

NSCh R S - BooE,

2100 50 0 50 100
UVl

FIG. 3. The occurrence of a deformation of the vertical profile,
depending on the electric voltage in the 0.5 rt®) and 1 mm(H)
cuvettes. Thes-shaped row collects the experiments in which the
wave adopts a® shape after the voltage is switched on, the NSCh
row shows the observations with no significant change of the wave
profile after switching on the voltage.

wave front and wave back are clearly sharper in the negative
than in the zero electric field. Also, the width of the excited
zone(measured as the distance between the wave front and
back at some constant light intensityy) is smaller in the
negative field than when no electric field is applied. For the
case shown in Fig. 4 the wave width in a zero field is 0.74
mm, that in a—90 V electric field is 0.53 mm; i.e., the wave
width decreases by about 30%. The changes in the form of
the longitudinal profile observed in this liquid reaction sys-
tem are qualitatively the same as those observed in a gelled
reaction mixture of the same compositif8].

The adjustment of the vertical profile of the wave, after
the negative electric field is switched on, is documented in
Fig. 5 in a series of black and white images taken from the

FIG. 2. Horizontal(upper row and vertical(lower row) BZ  video-recorded experimeffig. 5(@)]. A related contour plot
wave profiles for different applied voltage® U=0V, (b) 2 min  [Fig. 5b)] enables us to trace changes in the wave width,
after switching on the positive voltag&)&50V), (c) 2 min after
switching on the negative voltag&J& —50V), and(d) 45 s after
switching off the voltage again. Cas@s, (b) and(c), (d) show two
different experimental runs performed in the 1 mm cuvette.

becomes planar again after a transition period of the order of
60 s, as shown in Fig.(d). No changes in the shape of the
horizontal profile were observed in either positive or nega-
tive fields.

Wave deformation by negative fields of increasing
strength occurs in a stepwise manner, i.e., there is no visible
difference between the shape of the wave profile in a zero
and a negative field of a subcritical strength. However, when
a field of a supercritical strength is applied, the vertical pro-
file of the wave adopts a pronounc&dshape with the bot-
tom preceding the top. The value of this critical field strength
depends on the size of the cuvette inner cross section; critical un exc ref
voltages about-50 and—80 V were found for the 1 mm and — ;

0.5 mm cuvettes, respectively. This is illustrated in Fig. 3 0 1.6 39
where the dependence of wave profile deformation on the
magnitude of the applied voltage is drawn schematically.

It is not only the vertical transverse profiles of BZ waves g\ 4. Longitudinal profiles of BZ wave in zex@ull line) and

that are subject to changes when the wave is exposed t0 §negative(dotted ling electric fields in the 0.7 mm cuvette, ap-
external electric field but their longitudinal profiles as well. plied voltageU = — 90 V. The light intensity(in arbitrary unitg is a

In Fig. 4 the longitudinal profiles of waves traveling in zero measure of the concentration of ferriin. The lettE(8) denote the

and —90 V fields are compare(the profiles are taken from wave front(back; un, exc, and ref denote unreacted, excited, and
the side view snapshots at the center of the cuu€ltee rise  refractory regions, respectively. The profiles were taken from the
and fall of the transmitted light intensity corresponds to thesame experiment as that of Fig. 5 at times 20 and 65 s and super-
front and back of the BZ pulse wave, respectively. Both themposed.

light intensity [arb.units]

length [mm]
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(b)

FIG. 6. Wave reversal in a negative electric fi¢ld7 mm cu-
vette, applied voltage) = — 100 V). Numbers give the timgn sec-

2 ond9 elapsed after switching the voltage on. Vertical profiles are
7N shown.
g %
= =} with the transition time needed for ti®shaped deformation

to develop. On average, wave deformation becomes evident
(c) approximately 30 s after the voltage is switched on. There-
fore, if the global change is accomplished quicklyithin 30
s), no deformation develops and the global phenomenon oc-
curs in a quasi-one-dimensional fashi@s if it were per-
L formed in agar gel This type of behavior was often ob-
served in connection with wave annihilation in all three
cuvettes and in some cases of wave reversal in the 0.5 mm
capillary. However, in the majority of cases of wave reversal
and splitting, the global change occurs slowhetween 30
and 180 sleaving sufficient time for th&-shaped deforma-
tion to develop. The temporal evolution of the global change
0 100 5] _then varie_s alpng the vertical dimension of the cuvette as
illustrated in Figs. 6 and 7.

The global change shown in Fig. 6 corresponds to a wave
reversal because, in the course of time, the original wave
ceases to exist and a new wave formed at its back propagates

the constant level of light intensitly.;. Numbers on the left show mhthe OEc)pr?SIte dlreCtlon' The rf]lrSt. u;:age Sh?tws Lhe verthal
the time elapsed after the first imade) Increase in the wave front shape of the wave moving to the right 40 s after the negative

deformation(expressed as a percentage of the cuvette widtthe ~ Voltage (U=—100V) was applied. The wave front is dis-
imposed electric field as a function of time. tinctively S shaped and the wave back appears tilted rather

than S shaped. During the next 10 s the excited zone be-

visualized as the distance between contours tracing the reéomes wider at the upper part of the cuvette as the wave back
erence light intensity at both the wave front and the wavestarts to propagate backwards. A new wave front then
back (labeled ag= andB). The first two imagestime 0 and emerges from the wave back and grows towards the bottom
20 9 show the shape of the pulse wave in a zero electriof the cuvette(next image. Finally, the wave occupies the
field. The electric field is switched on at the time 21 s. Itwhole cross section and propagates to the (kb final im-
takes about 30 s until a decrease in the width of the wave iage. In the course of wave reversal ti¥eshaped deforma-
visible and the vertical deformation starts to develtipne  tion of the original wave increases and eventually this wave
50 9. The dependence of the wave front deformation on timevanishes; this process proceeds from the bottom of the cu-
[Fig. 5(c)] shows that, in this particular case, the transitionvette to the top.
time for the deformation to reach a constant value is about 60 Figure {a) demonstrates the course of wave splitting in
s. We can also see that the wave width gets smaller as ttbe 1 mm cuvette. The first imadéig. 7(a), time 90 §
wave front deformation evolves in time. shows the vertical profile of a wave moving to the left that

The transverse deformations of the wave profiles have has developed aB-shaped form after the negative voltage
remarkable impact on the course of global electric-field-(U=—50V) was switched on. The deformation of the pro-
induced phenomena that account for wave splitting, reversafile increases with time and a new wave emerges from the
and annihilatior{8,9]. In a BZ medium that is embedded in back of the original wave at the top of the cuvetiene 130
agar gel[8] these global changes occur in a guasi-ones). The new wave propagates to the right and to the bottom
dimensional manner, i.e., simultaneously at all locationdtimes from 150 to 210)sand soon extends over the whole
across the cross section of the cuvette. In a liquid mediuneross section of the cuvettéme 230 $ and becomes planar
the situation is different and depends on how quickly the(time 270 $ as the wave propagates in the positive field. The
global change in the wave behavior occurs in comparisomriginal wave slowly ceases to exist, starting from the bot-

RN RE
; " si=iain il
A

FIG. 5. Development of the vertical profile deformation and the
wave width under a negative electric figlel7 mm cuvette, applied
voltageU = —90 V). (a) Series of imagegh) a contour plot tracing



536 HANA SEVCIKOVA AND STEFAN C. MULLER PRE 60

the assumption can be made that this wave deformation is
gravity dependent. Assuming that horizontal density gradi-
ents exist across the BZ way#&4,25 we can account for

()
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F W
150 .
e
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— wave profile deformation in terms of a convective instability.
] In ferroin-catalyzed BZ systems, the density of excited re-
thus the fluid will flow in the opposite direction to the propa-
E) gating wave in the upper part of the cuvette and in the same
@ @ (S-shaped vertical wave profile with the bottom part preced-
' ing the top, which is the shape of the wave profile observed
why the waves are deformed only in such fields and not in
g R RO R | zero, low negative, or any positive electric fields.
planar we may conclude that the driving force for convection
(the density gradieitis small and insufficient to cause any
sults of experiment$13] in which very small convective
flows (1 um s 1) were measured in horizontal layers of BZ
distortions of traveling BZ wave patterns. Since no distur-
@ @ bances of target patterns were observed in the layers thinner
insignificant in these layers.

FIG. 7. Wave splitting in a negative electric figltimm cuvette, Simulation studies of convective effects on wave propa-
elapsed after switching the voltage ¢a). Series of vertical profiles; Shown that the velocity of wave propagation in horizontal
(b) the horizontal profile corresponding to the vertical profile at 210Slabs does not significantly increase with the slab thickness

increases rapidly with slab thickness. The critical size found
tom and progressing to the tgpmes from 150 to 270)sA ~ Was 0.2 mm and for this slab the velocity of the wave propa-
zone of the origina' wave at the top of the Cuv&ﬁme 230 diffusion Velocit)[27]. This means that the Velocity of the
s) and propagates to the right and to the botiéime 270 §.  convective flow, which adds to the pure reaction-diffusion
but the formation of a spiral is suppressed by the negativdow will not affect the shape of the wave. Thus, although
e|ectric f|e|d acting on these free enm’lo]_ The corre- convection Is eXpeCted to be aIWayS present n med|a W|th
7(b)] illustrates that no significant variations in the course ofthe experimental point of view, the effects of induced con-
the wave splitting occur along the horizontal direction of theVection on wave propagation are not detectable until the
of the original wave as scroll wavg&6] with the filaments ~Observations indicate that, in the case of BZ waves, the 1 mm
Orientated a|0ng the horizonta' direction_ Each ﬁlament isCUVette is still below this critical value when no electric field
it moves to the right and to the bottom. Finally, it touches thetually planar. _
bottom and ceases to exist. Thus only one involute of the We now speculate on the possible reason why the trans-
one planar wave. external negative electric fields of supercritical magnitudes.
Following on from what has been said above, we assume that
IV. DISCUSSION negative field and causes the wave profile deformation. The
expression for the average flow velocity in a horizontal cyl-
nounced deformations of the vertical transverse profile of Bzr_]dedr W Iﬂl]Sa propagating chemical front wave has been de-
waves when they are exposed to supercritical magnitudes &f€d in[18] as

gion is higher than the density of the unreacted region and
210 direction as it in the lower paf25]. This results in a slanted
in supercritical negative fields. The question then arises as to
F As the wave profiles in a zero applied field are essentially
observable wave deformation. This agrees well with the re-
(b) medium of thickness 1.5 mm, where they caused only minor
than 1 mn{13], we can assume that the convective flows are
applied voltageU = —50 V). Numbers give the timén seconds ~ 9ation in the BZ system with Oregonator kinet{@¥] have
s. until the thickness reaches a certain critical size, thereafter it
second new wave emerges from the remainder of the excite@@tion increased by 0.4% with respect to the pure reaction-
The free ends of both new waves show a tendency to curl uEebCity [18], is negligible and we can assume that such a
sponding view of the horizontal profile of the waviigig. ~ horizontal density gradien{28] we can conclude that, from
cuvette. This suggests that new waves emerge from the badlerizontal slab is thicker than a certain critical size. Our
formed at the top of the cuvette and, as the wave propagatel§, applied since the transverse vertical wave profiles are vir-
elongated spirdl26] is formed, giving rise eventually to only Verse vertical profiles deform when BZ waves are subject to
it is the velocity of the convective flow that increases in the
The observations reported above document the pro
negative electric fields. The wave deformations were ob-

4
served in all the three cuvettes us@dner cross sections: (v)= i@ Apc+ ﬂ’zl 1)
0.5X0.5, 0.7 0.7, or 1x1 mn?) and the extent of the de- 32 pw | L LT[
formation was found to reach up to 60% of the cuvette width
for the cuvette with the largest cross section. with (v) being the average flow velocity,, the cylinder

As the deformations occur only in the vertical direction, radius, g the acceleration in the gravitational field, the
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viscosity,Ap. (Apt, respectivelythe density difference be- curs, the width of the wave, becomes smaller in the negative
tween the unreacted and reacted medium caused by compelectric fields(Fig. 4), resulting in the increase of the con-
sitional (temperature, respectivglghanges during the reac- vective flow. In this way convection may become more pro-
tion, andL 1 the distance over which the respective densitynounced in negative fields and may cause the wave profile
difference occurs. Relatiofl) builds on the expression for deformation.
the velocity of a convective flow in the midplane of the In positive fields, the longitudinal profile of the wave is
horizontal cylinder where the horizontal density gradient ismore spread out than in negative and zero electric fields situ-
established by holding the ends of the cylinder at differentations[8]. ThusL, 1 increases and the velocity of the con-
temperature§29]. vective flow will be even smaller than in the case without an
As opposed to front waves, where only one spatial densitymposed electric field. As a result, the wave profile does not
gradient between two different regiorieeacted and unre- visibly deform in positive fields.
acted has to be considered, two spatial density gradients We can also intuitively presume that the effect of convec-
must be taken into account in the case of BZ pulse wavegjon on the shape of the transverse wave profile will increase
one arising across the wave front and the other across th®t only with the absolute value of the velocity of the con-
wave back. According to the assumed changes in the densityective flow but also with the increased ratio of the convec-
during the reactiorj25], these two gradients have opposite tive and wave propagation velocities. This ratio increases in
signs and, in general, will set up two counter-rotating con-negative electric fields, which slow down the wave propaga-
vective rolls[27]. However, due to the chemical coupling tion, and thus convection becomes sufficiently strong to
between the wave front and the wave back, the effect otause the deformation of the transverse vertical profile of the
these two rolls on the shape of the wave profile becomes wave.
rather complex function of the system geometry and the Experimental result§Fig. 3) suggest that a higher nega-
magnitude of the density chang7]. tive field is needed to deform the wave profile in smaller
Applying relation(1) to our case, withr, now represent- cuvettes. This is in agreement with relati¢k) that predicts
ing the half-width of the cuvette, we can see that the velocitythe increased velocity of convective flow for increased cu-
of the convective flow increases with the width of the tube,vette width. This leads to the assumption that there will be a
with the increased density difference, and with the decreasecbrrelation between the strength of the negative field and the
length over which the density difference exists. A dc electriccritical size of the cuvette below which convection will have
field does not affect either the physical properties of the meno detectable effect on the wave profile. However, this as-
dium or the reaction kinetics, i.e., we assumendAp.t  sumption calls for confirmation by additional measurements.
remain constant. What does change in an electric field is the
shape of the longitudinal wave profi{&ef. [8] and Fig. 4.
The sharpening of both the wave front and the wave back in
negative fields leads to decreasing valuet of across both It is a great pleasure to thank Martin' @nann for many
the wave front and the wave back and, consequently, to thimspiring discussions, Jana Karbandwa help in processing
increase of the velocity of convective flows. Even if only onethe video-recorded data, and John Merkin for English correc-
overall density gradient is assumed to be responsible for thgons. Partial financial support by the Czech Ministry of Edu-
wave deformation as ifl4] the distance over which it oc- cation(Grant No. VS 96708is also acknowledged.
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