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Influence of surface tension changes on hydrodynamic flow induced by traveling chemical waves
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Chemical waves in a thin layer of a Belousov-Zhabotinsky reaction solution induce convective flow in the
reaction medium. The mechanism of this chemically driven convection is investigated with space-resolved
velocimetry, and simulated numerically solving modified Oregonator model equations and the Navier-Stokes
equation. To decide whether the flow is driven by surface tension gradients or density gradients the results of
the simulations are compared with experimental data. Analysis of the vertical distribution of the horizontal
flow velocity suggests that in the mechanism of flow generation surface effects are domBEIR3-
651X(96)07206-9

PACS numbg(s): 47.70.Fw, 47.20.Dr, 47.20.Bp, 82.20.Wt

[. INTRODUCTION short wavelength leads to a complex cooperative flow behav-
ior that is extended over sever@h the order of tehchemi-
During the last 25 years the Belousov-ZhabotingBy) cal fronts[9,10]. This flow normally occurs in a spiral wave
reaction has evolved to one of the most established systenmattern which typically has a short wavelength.
for the investigation of chemical waves in an excitable me- Different computer models have been used to study the
dium[1,2]. The spatiotemporal behavior of circular and spi- basic flow field in a vertical cut through the thin layer on the
ral waves in a thin layer of BZ solution was examined inten-basis of a simplified reaction-diffusion mechanifbi—15.
sively as a function of various external parameters. It hasn all of these models the convection was coupled to the
now become common to investigate the reaction in a gethemical reaction assuming density changes of the reaction
matrix to avoid the influence of hydrodynamic disturbancesmedium due to the chemical oscillation. In this study we will
Especially in continuously fed open reactors, gels are indisfocus our attention in addition on surface tension gradients,
pensable to avoid pattern deformation due to the inflow angjenerated by the concentration of different chemical species
outflow of the reactants. as the driving force. Although measurements of Yoshikawa
On the other hand, convective phenomena in the BZ reet al. show a clear influence of the proceeding BZ reaction
action have become an interesting object to study the cown the surface tensiofil6], no simulations have yet been
pling between a pattern forming chemical reaction and hy-done to model this coupling mechanism. Temperature effects
drodynamic motion. The reaction produces changes oére not considered because they do not play a significant role
species concentrations and temperature and therefore affedtsthis type of chemically driven convectidi7].
the density and surface tension of the reaction solution The two conceivable types of hydrodynamic interactions
[2-5]. If it is performed in a liquid solution without a gel, are the Marangoni-type convection induced by surface ten-
these changes can give rise to convective flow patterns trasion gradients, and the Rayleigh#Bed-type convection
eling along with the chemical wavé§]. This type of chemi- driven by density gradients in the bu[k]. In several nu-
cally driven convection provides a transport mechanism admerical simulations it was pointed out that it is indeed pos-
ditional to the diffusion. From the hydrodynamic point of sible to obtain flow fields which appear very similar to the
view, the chemical waves represent an external forcing of @bserved fields by only assuming density gradients generated
complex fluid. by the chemical reaction as the driving fofde&,15. Pojman
Several authors have investigated the phenomenon @ind Epstein were able to estimate the magnitude of the in-
convection driven by chemical waves experimentfiy-9]. duced density differences just by using values from the lit-
A horizontal layer of BZ solution of less than 1-mm thick- erature for the different hydration of the oxidized and the
ness in a covered Petri dish is a commonly used arrangemerdgduced form of the catalyst ferrojs]. We intend to clarify
to examine this type of convection. The hydrodynamic flowwhether the Marangoni-type convection leads to an even bet-
can be measured by the observation of small suspendedr agreement with the experiments.
tracer particleg10]. The measurements show that the flow The easiest way to check the role of Marangoni-type con-
behavior depends on the wavelength of the chemical wavesection experimentally in the chemically driven convection
With large wavelengths, as they typically appear in a circulais to eliminate the free surface with a cover placed directly
wave pattern, individual pairs of convection rolls with a pro- on the fluid layer. However, because of the gas production of
nounced descending flow near the front are obsef8¢dA  the BZ reaction this procedure give rise to serious experi-
mental problems, as the system will become disturbed by
bubbles. Since also no direct measurement of the reaction-
“Permanent address: Institlit fixperimentelle Physik, Otto-von- induced density changes is yet available, we chose an indi-
Guericke-UniversitaMagdeburg, Abteilung Biophysik, Universi- rect way to decide between the influence of surface and bulk
tatsplatz 2, D-39106 Magdeburg, Germany. effects. We simulated the induced flow for both types of
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convection numerically for a single horizontally moving
pulse, and compared the vertical distribution of the horizon-
tal flow velocity for each case with the experimental results.
For this purpose we present some numerical results solving
the complete set of time-dependent PDE’s of the model us-
ing a finite-element methdd 4]. The presented experimental
flow profile is the result of several complete flow velocity
experiments for each of ten different heights. As the main
result, the comparison of the flow distributions indicates that 10

the Marangoni-type convection is dominant in chemically SN T X=35
driven convection in the Belousov-Zhabotinsky reaction. 08
0.6

y
)il
Il. NUMERICAL METHODS AND RESULTS 04
0.2
The numerical problem is intrinsically a three- 0.0
dimensional one, because the experimental fluid layer is ex- 20 40 o 10
tended in all three spatial dimensiof8]. In particular the u [um’s]

height, which is often neglected in convection-free systems,
must be m_cluded for the hydrodynamlc _motlo_n. According to FIG. 1. Streamlines and corresponding distribution of the hori-
the experiments we restrict our considerations to the SOs0ntal velocity for the buoyancy-driven case linked to the activator

called target patterns which consist of concentric rings ofGr,=0.01). At the dimensionless positior- 35 the front reached
traveling waves with a large wavelength on the order of 10, stationary state of propagation.

mm [6]. If the waves are triggered in the middle of the cir-
cular Petri dish, the spatial wave propagation can be taken as

two dimensional in a vertical cut due to the rotational sym- g%xg
metry. Gr:—Pi M .:gicoxo D:% :V_to
For the modeling convective terms have to be added to ~ v 27 g "xg

the currently used “Oregonator” model which describes the
interaction of reaction and diffusion in excitable media,,arei=1 and 2.

[.2’14]' In addition, the “r.“e'depe”d.e”t I_\lavier_—Stokes €qua- Gy, represents the Grashof numbers, Mapresents the
tions have to be solved in two spatial dimensions. To 'ntrO'Marangoni numbers, and; and D, represent the dimen-

. . . 1 | 14
d_uce the concelvable_ effects of chemical concentration Ijonless diffusion coefficients of the species and momentum,
dients on the convection, buoyancy as well as surface tensi spectively. In the equatiomk are the diffusion coefficients
o must be taken into acco.unt. As already presented'ln Re f the activator(1) and the inhibitor(2), v the kinematic
[14], the buoyancy forces induced by the concentrations o iscosity,g the gravitational acceleration, apdthe density.

the activator ¢;) and the inhibitor ¢,) appearing in the Dividing D, by D;, one obtains the often used Schmidt
Oregonator model are represented by the Grashof numbeﬁ%mber S(,-:V The \I/:'ilues of Gf, and Ma, , represent the

Gry and Gr,, respectively(see belo To include changes four possible types of hydrodynamic coupling: density- or

in the surface tension induced by concentration diﬁcerencessfgrface—tension—driven convection coupled to the concentra-

the stress—fr.ee_ boundary con_dition at the surface is replace[ n of the activator or the inhibitor, respectively. The ob-
by the equilibrium of tangential stress, tained set of PDE’'s was solved numerically using the
ENTWIFE computer cod¢19]. A graded mesh of mixed finite
=const, andi=1, 2. elements was carefully designed in order to obtain a suffi-
i ciently accurate approximation of the soluti¢ior details,
see[14].) The numerical effort for the Marangoni case is
The flow velocities arel in the horizontal direction and in ~ higher as compared to the buoyancy driven convection, be-
the vertical direction. The concentrati@q of the activator cause steep velocity gradients located near the free upper
andc, of the inhibitor are functions of the Cartesian coordi- surface require a finer mesh.
natesx (length, y (heighd, and timet. The dynamic viscos- To show the influence of convective interactions concern-
ity u is a property of the liquid. The dependence of theing the different types of coupling, a large number of nu-
surface tensionr; on the concentrations of speciess as- merical experiments were performed. During the calculations
sumed to be linear. For the set of the partial differentialthe following parameters remain unchanged:
equationgPDE’s) and boundary conditions we refer [tb4], D,=1.0, D,=0.6, andD,=600; the Oregonator param-
using a rectangular domain of lengthand depthH with a  eterse=0.01, f=2.0, andg=0.002[18], and the system
symmetry line at the left sidécenter of the circular Petri dimensionsL =50x, andH =5x,. We consider “clean” in-
dish), rigid walls at the right side and at the bottom and ateractions, which means that only one of the four coupling
plane-free upper surface, which is not deformed by the conparameters Gr, Gr,, Ma;, or Ma, is set to a nonzero
vection. Using the Oregonator length urj=0.18 mm and value.
time unitty=21 s[18] for scaling, the numerical solution of In Fig. 1 a snapshot of the moving fluid for G#0.01 is
the problem depends only on the following dimensionlesgpresented, showing streamlines of the flow field, representing
parameters: a buoyancy driven convection linked to the activator concen-
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zontal velocity for the surface-tension-driven case linked to the ac-

FIG. 2. Streamlines and corresponding distribution of the hori-tivator (Ma;=0.05).

zontal velocity for the buoyancy-driven case linked to the inhibitor ) ]
(Gr,=0.02). vortex behind the wave seems to be driven only by the strong

one in front of the wave. The height where the flow changes

tration. The lower part of Fig. 1 shows the correspondingts direction is, in this case, only slightly shifted toward the
horizontal flow velocity distribution along the vertical direc- Surface.

tion at a position which is selected for comparison with ex-

periments. The pulse was started at the symmetryxXin® lll. EXPERIMENTAL PREPARATIONS AND RESULTS

and moved to the location indicated by the two vortices _ _
shown in Fig. 1 during the calculation. It turns out that a EXPeriments were performed with a commonly used BZ

strong fluid motion evolves only in the vicinity of the pulse '€CiP€. The initial concentrations wefgisregarding the bro-
position. This is a consequence of the nearly symmetrignination of ferroin[18]). 340-mM NaBrO;, 48-mM NaBr,
sharp concentration gradients at the ascending and descertp-mMM malonic acid, 380-mM sulfuric acid, and 3.5-mM
ing part of the activator pulse. The horizontal flow velocity férroin. For the flow measurements 4 ml of the solution are
below shows the typical shape of a buoyancy driven convedilled into a specially cleaned .Petrl dish. A pareful cleaning
tion with zero velocity near the half height of the solution procedure is necessary to avoid the generation of gas bubbles
layer (at y/H~0.6). Figure 2 was obtained for G=0.02,
representing a buoyancy-driven convection linked to the in-
hibitor concentration. It shows a similar scenario but with a
pronounced “tail” of the vortex behind the wave. The spe-
cific Grashof numbers Gr, were chosen to obtain surface
velocities comparable to the experimentally observed ones.
Additional simulations have shown that the velocity height
profiles remain isomorphic for a larger interval of Grashof
numbers.

We now turn to surface-tension-driven convection, which
is characterized by a focusing of streamlines near the surface.
The results shown in Fig. 3 were calculated

with Ma;=0.05 representing the case of Marangoni-type 10— 1y <30 |
convection linked to the activator concentration. The calcu- 0.8 1 ‘\4<
lation yields a maximum velocity of about 26m/s. The il
corresponding profile for the horizontal velocity differs con- ¥y 067
siderably from the buoyancy-driven case. The position of H 04 -
zero velocity is shifted to the upper system boundary, indi- 1
. AN 0.2 1
cating as expected that the convection is driven by forces at |
the surface. Finally, in Fig. 4 the results for Marangoni-type 0.0 T —
convection linked to the inhibitor concentration via -60 ~40 -20 0 20
Ma,=0.5 are presented. Although the maximum horizontal u [um/s]

velocity is of the same order of magnitude as in Fig. 3, the

streamlines appear to be quite different. The asymmetric FIG. 4. Streamlines and corresponding distribution of the hori-
shape of the inhibitor concentration in a pulse produces onlyontal velocity for the surface-tension-driven case linked to the in-
one strong vortex like in the density-driven case. The othehibitor (Ma,=0.5).
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FG. 5 E . llv obtained fi loci h ; ¢ FIG. 6. Experimentally obtained vertical profile of the horizon-
- 5. Experimentally obtained flow velocity at the surface of i, velocity distribution. The curve is fitted from the inhibitor

the fluid layer as a function of time. The chemical wave was gen- T : . .
; . concentration linked Marangoni-type cad€ég. 4) using the total
erated in the center of the dish, and the flow was measured half thﬁaow amplitude as the free fi?ting E)/Sramete? ) 9

way to the boundary.

and the spontaneous initiation of chemical way&s The the wave front. To minimize the statistical error of the Sys-
solution forms a shallow fluid layer with a thickness of 850 t€m preparation, several measurements for each height were
um in the central region of the Petri dish. performed and averaged. Figure 6 shows the honzqntal flpw

The experimental setup has been described previous locity 1 min befqre the front passed the measuring point
[10]. To observe the hydrodynamic motion, small latex par-fr ten different heights. The measurement corresponds to a
ticles (Serva, Standard Dow Late®0.552+ 0.0104um) are vertical cut through the first convection roll 6.5 mm away
suspended in the solutiofl0]. They scatter the light of a rom the front.

He-Ne laser beam focused on the measuring point. The scat-

fcered light !s observed .by a vidicon camera mounted oqtp an IV. DISCUSSION

inverted microscopéZeiss Im35. Due to the large magnifi-

cation the depth of focus is small enough to resolve about 30 The flow velocity shown in Fig. 5 already indicates that
different planes in the solution layer just by changing thethe observed flow phenomena are driven by the concentra-
focal plane of the microscope. The video camera images ddion of a reaction component that has a sharp rise in the wave
pict a volume of the layer with the side lengths of front and a smooth decay behind. The strong concentration
400X 400 um?, and a height of 2%.m in the vertical di- gradient in the front induces a high flow velocity with a short
rection. They are stored on a videotape with at time lapsepatial extent in front of the wave. The weak gradient in the
recorder (Sony Watchcordgrand digitized on a personal tail produces a spatially extended flow with a lower velocity.
computer with a frame grabber cardata Translation Inthe BZ reaction the catalyst ferroin shows this behavior. In
DT2851). From the digitized images of the moving particles previous publications the ferroin was already postulated to
the flow velocity can be calculated automatically using thebe responsible for the induction of density gradieibas
spatial filtering method9]. well as for surface tension changds).

A typical flow measurement is shown in Fig. 5. To obtain A comparison between the experimental data of Fig. 6
rotationally symmetric conditions, a circular wave was initi- and the buoyancy-driven convection in Figs. 1 and 2 shows
ated in the middle of the Petri dish with a silver wire. The great differences in the shape of the flow distribution. In the
flow velocities were measured at a fixed point halfway be-calculated flow profile there is a much greater similarity be-
tween center and boundary and at the surface of the fluitiveen the forward flow part and the back flow part than in
layer. The results show an increasing flow velocity, while thethe experimental data. Furthermore the surface flow velocity
front approaches the measuring point. During the passage much too small in relation to the other velocities. On the
there is a rapid change in the flow direction. In the back ofother hand, the surface-tension-driven flow profile that is
the wave the flow velocity remains nearly constant until thelinked to the activator concentratidiffig. 3) is much more
wave disappears at the dish boundary. Other measuremersisrface dominated than the experimental distribution. The
that are not presented here show, in principle, the same floMarangoni-type convection linked to the inhibitor concentra-
behavior near the bottom but in the opposite direcfiéh  tion with Ma,>0 (Fig. 4) yields the best fit of the experi-
The results correspond to a pair of convection rolls with amental data. The curve in Fig. 6 belongs to this calculation
pronounced descending flow in the wave front, travelingusing the total flow amplitude as a free fitting parameter. As
with the wave through the medium. additional calculations have shown, this fitting procedure is

For a comparison of the experimental data with the nuteasonable as the velocity curve remains isomorphic for a
merical calculations, the vertical distribution of the horizon-large range of Marangoni numbers and just changes its am-
tal flow velocity has to be measured. With the available explitude. Using this amplitude, we calculated the Marangoni
perimental setup it is not possible to investigate the floanumber of the experimental system. On the base of the Or-
velocity simultaneously at different heights. Hence we had teegonator Model we obtain a value of about 0.3 for Ma
obtain the velocity of each height from a separate experiment Looking more precisely where the data of Fig. 6 are fit-
performed under identical conditions. The experiments aréing well and where not, in particular the position of zero
synchronized with the zero transition point of the velocity in velocity differs between measurement and calculation. This
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is probably an error of the measurement, as an optimal fit ohomena in the Belousov-Zhabotinsky reaction, surface ten-
the experimental data would violate the continuity conditionsion effects are dominant. The hydrodynamic flow genera-
because the total integral over the flow velocity would nottion is linked to the concentration of a chemical component
vanish in this case. However, the difference between fit anghat shows a temporal evolution like the inhibitor. In the
data can also indicate that for the given BZ recipe a combiOregonator model the inhibitor represents the concentration
nation of the surface tension and the buoyancy mechanisif the oxidized catalyst ferroin. That is in a good agreement
may be responsible for the convection. Taking into account gq the suggestion of Yoshikawet al. [16] that the ferroin

small amount of Rayleigh-type convection would shift the concentration differences are the cause of the surface tension
location of zero velocity of the numerical curve closer to thegradients in the BZ reaction.

experimental data. We can emphasize this tendency by com-

paring the surface velocities of the experimerifag. 5 and

num_erlcal results. The surface velocities in f_ront of the _pulse ACKNOWLEDGMENTS
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