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Convective structures in a two-layer gel-liquid excitable medium
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Group of Nonlinear Physics, Faculty of Physics, University of Santiago de Compostela, 15706 Santiago de Compostela, Spain
(Received 27 July 1999

The onset of convection due to wave propagation is investigated in the framework of the Belousov-
Zhabotinsky reaction. Numerical calculations are based on a three variable Oregonator model coupled with the
Navier-Stokes hydrodynamic equations under the Boussineq approximation for a system consisting of two
layers, a liquid and a gel, both in close contact through an interface where chemical concentration exchange is
allowed. The influence on the formation of convective rolls associated to wave front propagation is studied in
terms of the exchange rate through the interface, the liquid layer width, and the coupling strength between the
fluid flow and chemical dynamics. Waves are initiated on the surface of the gel and this perturbation is allowed
to propagate into the liquid initiating either two counterrotating convective ¢alboth sides of the fropor
a disordered pattern.

PACS numbes): 47.20.Bp, 47.70.Fw, 82.20.M;j

[. INTRODUCTION velocity is played by the electric field, is formally equivalent

to that for reaction diffusion with convective floy8]. A

Chemical oscillations and pattern formation have been inseries of delicate experiments by Miike and co-workérs
teresting and fruitful areas of research for the past two dePPserved oscillatory hydrodynamic flow and periodic defor-
cadeg1,2]. Many phenomena, such as target patterns, spird[1&tion of wave fronts induced by spiral wave propagation.
waves, or periodic plane wave trains can be described iﬁ\lsg, thﬁy ﬁhov_vedl the formatrl]onf of conve;tl\f/ehrolls Iassom-
terms of reaction-diffusion mechanisms. Nevertheless, som fab\(l)vtlitnsi ?qu'garevggzi’gﬁ Igvter? igamgvft:se%cte 8052)3:?2;’[

work has been done to include the hydrodynamic effects thaf Y

develon when experiments are performed in agueous Sol ctors such as surface tension, surface evaporative cooling,
i Cp i P | ﬁ’ in th q 6t even inhomogeneities in the reagents that may affect the
lons. L.onvection may play a role in these processes SiNCi,qat of convection. These convective structures may inter-

different chemical compositions induce density gradients,q( yith the spatial patterns finally leading to the develop-
produced by thermal and chemical gradients in the vicinityyent of autowave chadghemical turbulendein a nonho-
of the reaction front. In fluid problems such as the Rayleighnogeneous mediuft0,11].
Benard problem of a fluid heated from below, such buoyancy |n the last decade, the introduction of gelled media with
driven convection can take the form of traveling waves orinmobilized catalysiferroin, ruthenium, etg.covered by a
oscillatory instabilities among other different pattern forma-catalyst-free solution, partially solved the formation of con-
tion[3]. Involving both hydrodynamic and reaction-diffusion vective cells since reaction and then front propagation occurs
effects, convection in autocatalytic systems is a potentiallyat the interface between the liquid and the gel. Nevertheless,
rich and fruitful area of investigation. recent experiments by Markwet al. [12] and Ouyang and
Experiments in the iodate-arsenous acid sysféhhave Fleselled13] reported the formation of disordered waves in
shown that fronts traveling in vertical capillary tubes showthe light-sensitive BZ reaction in which hydrodynamic flow
that steady nonsymmetric convection can exist in theand/or inhomogeneities played an important role. Therefore,
moving-front frame. This convection is driven by the buoy- the purpose of this paper is to analyze the onset of convec-
ancy of the lighter reacted fluid below the ascending fronttion due to wave propagation in a system consisting of two
while the effect is different for descending fronts. In addi- Media; a liquid and a gel. Since the catalyst is inmobilized
tion, Epstein and co-workefs] have shown that the front into the gel, we only consider flow motion into the liquid

velocity depends on the direction of propagation with respecPart of the medium. A wave front propagating through the

to the gravitational force. Numerical studies with an Orego-common interface between the liquid and the gel leads to the

nator reaction-diffusion model coupled with the Navier- formation of steady convective cells that can exist in the

. . rame of the moving front and may be unstabilized depend-
Stokes hydrodynamic equations have been performed b g on the relative values of the exchange rates of chemicals

through the interface and the ion diffusivities, as well as on

. . Sther factors as the liquid layer depth and the coupling
sense, Biktashest al. [7] numerically showed that the pres- gyangth hetween the fluid flow dynamics and the chemical
ence of a constant advective flow in the direction of movegaction kinetics.

ment of a wave front can increase or decrease its wave ve-
locity. Analogously, the action of an electric field on a Il. MODEL
chemical excitable medium, where the role of the advection . )
A. Equations of motion
In order to simulate the behavior of a gel-liquid system,
*Electronic address: fmvpv@usc.es we considered two independent media in the systtm
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upper part liquid and the lower gelln both of them, the mation and the BZ reaction-diffusion equations have been
Belousov-ZhabotinskyBZ) reaction takes place, but fluid coupled leading to the following set of equations:
motion only develops in the liquid mediufplaced above the
gel par}. The only exchange of reactants is through the com-
mon boundary. Even if a complete description of the system
requires the use of a three-dimensional geometry, we will
confine our attention to the simpler two-dimensional geom-
etry, with thez axis in the direction of gravity. In the lower (
part of the systenigel), only diffusion of the reactants is
considered, meanwhile in the upper pdiquid) we also in-
cluded the convective motions due to the concentration gra-
dients of the chemicals.

In order to describe the reaction-diffusion process due to
the BZ reaction, a three-variable Oregonator model has been
used[14,15 whose source, terns,G, andH are given by

d
E‘*’VV) U|:F(X|)+DU|V2U| '

d
E+V~V)v|=G(X|)+DU|VZU|,

J
E+V'V)W|:H(X|)+DW|V2W|, (3)

d p—po 1
—+V~V)V=—g———VP + V2V,
ot Po po

F(x)=%[w(q—u)+u—u2], viv=e
whereD,D,,, andD,, are the diffusion coefficients of the
G(X)=u—v, (1) u,v, andw variables in the liquid party=(V,,V,) is the
fluid velocity, P, is the reduced pressure related to the con-
1 ventional pressurep by P,=p-—po(9,x+0,2), and g
H(xX)=—[—-w(q+u)+fv], =(0y,0,) is the acceleration of gravity wity,=0, g,=9
€ for our choice of axesv is the kinematical viscosity, and
] ) andpg are the densities of the liquid system and of the bulk
wherex is the state vector of variables,p,w). u,u, andw i, respectively. By writing equations in this form, all hy-
represent the dimensionless concentrations[dBrO,],  grodynamic variables are expressed in terms of the scaling of
[ferroin], and[ Br™ ] respectively, and,q,e,e’ are constants Eq. (1). That is,g=980 cm s2x(21s)/(0.018 cm)=2.4
related to the chemical kineti¢$5—17. For a typical recipe, x 10/, and »=9.2x10"3 cn? s 1x (215)/(0.018 cmd
we have used a scaling with a spatial uisiti) of 0.018 cm  _5 ggx 102
and a time unitt.u) of 21 s[6,17] using the “Lo" kinetic In order to close the proposed model for the liquid, Eq.
values given by Keener and Tysh7]. Under this scaling, (3) 3 relationship between the density and the variables
those constants aref=3, q=0.002,¢=0.01, and €’ gnqw must be established. Density changes as a conse-
=0.001. For this particular choice of parameters the Oregoguence of the chemical reaction that takes place into the
nator model exhibits the dynamics of an excitable medium;qyid |ayer. Although the chemical reactions here involved
[14,15. . _ _ produce heat fluxes in the medium, their effect was not con-
The nonconvective part of the mediuigel) is located at  gidered in this paper, assuming the temperature to remain
the lower part of the system. Here, ta@oordinate moves  constant during the proccess. Since the total mass of the
from z,4 (corresponding to the lower layer of géb z,4 (the  so|ytion remains constant, the density change must be a re-

upper layer of gel in the systemThe equations describing gyt of a volume change due to the reaction. Thus, it is pos-
the dynamics in the nonconvective part of the medig®)  sjple to write

are given by
V=Vy+(Uu—ug)dVy+ (v —vg) 6V, +(W—wWq) 6V,
(4)

whereV is the volume of the solution with concentrations
o (u,v,w),Vy is the initial volume of the reaction with concen-
&—:’:G(xg)JrDngng, (2)  trations {g,vq,Wp) equal to the steady state values of the
variables. For our choice of parameters and in dimensionless
form we have Uy=v,=3.998<10 4, wy=1.998.
%z H(%g)+ Dy V2W, oV,,8V,, andéV,, represent the molar volume change due
at or s Twen e to the reaction. In general, the density variation due to the
change in chemical composition is quite small for the most
whereD4,D,4, andD,,q4 are the diffusion coefficients for known reactions. We may, therefore, assume a linear depen-

(?Ug 2
W: F(Xg)-l-DugV Ug,

theu,v, andw species in the gel. dence of the density on the chemical concentrations
Placed right above the gel lies the convective part of our
system(liquid); z;;<z<z,,. z=z;, corresponds to the lower p=poll—o,(U—Ug)—o,(v—vg)—au(W—wWp)], (5

layer of the liquid system in close contact with the gel and

z=17,, is the upper layer in the liquid system. Since we as-where o,=6V,/V,y, o,=6V,/V,, and o,=06V,/V, are
sume that fluid motion can take place in the liquid mediumthe coefficients of linear expansion due to the compositional
due to reaction and diffusion processes that develop in therehange of HBrO,],[ferroin], and[Br™], respectively. The
the Navier-Stokes equations under the Boussinesq approxiree-variable Oregonator model is a very simplified model
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for the BZ reaction, it may not precisely account for the I g

chemical dependence of the hydrodynamic fluid, further- W:G(Xg)_l—Duszvg_:Bv(vg_vl*)a (10
more, there are no experimental results about the relative

importance of ther,,o,, ando,, . In this paper, we assume oW

that the density only depends on the concentration of the —9=H(xg)+Dwgvzwg—ﬁw(wg—w,*),

[HBrO,] and[Br ] and seto,= o,= o(0,=0) [18]. Then, at

Eq. (5) simplifies to whereu =ui(zy), v =v(zy), andw] =w(zy).

As well for the lower layer in the liquid mediunz

p=po[1—o(u—Ug)—o(W—wWp)]. (6) =2z,,

Positive or negative values ef are related to a greater or U,
smaller density in the liquid solution where the reaction takes — =F(xy) +J(¢,u)) + Dy, V2u,— By(u,— u; ),

place[19]. o can be obtained from experimental measure- o
ments and its value dramatically changes depending on the
reaction or catalysts used. In our case, we get2.0 —':G(x1)+J(¢,v,)+Dulvzul—ﬁv(u,—v;),
X 107° for a typical BZ reaction with ferroin as a catalyst Jt
[4].
Now, as usual in fluid physics, the reduced presseye %:H(X1)+J(¢//,W|)+Dw|V2W|—,3w(W|—W§),
can be eliminated from Eq$3) by introducing the stream at
function ¢ defined as (11)
Jw Ju IwW
& & g _ togl N0 g2
Vis— Vo= — (7 gt ) tog| ot Ve,
w=—V?y,

and the vorticityw= — V2, then, the equations describing

the dynamics in the liquid (3) can be rewriten as whereu® =Uy(Za9), v =04(Zsg), ANAW! =Wg(2Z,).

Bu.B,, andp,, are the matter transfer coefficients or ex-
ﬂ: F(xy)+J(¢,u)+Dy V2, change coefficients, fdiHBrO, ], [ferro_in] . and[Br™], re-
ot spectively, between the gel and the liquid and they are re-
sponsible for the exchange of matter among the two media.
v ) They are similar to the reciprocal residence time used in
St G+ (W) +Dy Vo0, coupled CSTR systems. We set the dimensionless diffusion
coefficientsD,4=D,4=1 and since matter exchange is al-
aw, lowed to occur at the interface between both media and in
— =H(x)) +J(,w;)+ D, V3w, , (8 generalB,# 0, we admit that ferroiny can diffuse into the
at gel but at lower values thao andw; D,4=0.03. On the
other hand for the liquid medium, since density is lower than

‘9_“’_ ﬂ ﬂ 2 for the gel system, we consider greater diffusiviti€;,
ot =Jhw)tog ox * IX ) Ve, =D,,=1.4 andD,=0.4. The same reasoning can be ap-
plied to the exchange coefficients between gel and liquid and
w=—V?y, consequently we will consider from now q&,=f3,,. We
will show later in Sec. Il that the main influence on wave
where the Jacobi operator propagation, both in the gel and the liquid media, is due to
the values of the exchange coefficients and not on the spe-
df, of, of, ofy cific values of the dimensionless diffusion coefficients. Nev-
It =~ 5 (9 ertheless, we will always consider that ferroin diffuses
slower than the other two components in the reaction. Equa-
has been used. tions (1), (2), (8), (10), and(11) completely define our prob-

Finally, the exchange of chemicals between the gel andem-
the liquid part of the system is considered to be only through
the upper layer of the gel systezsz,4 and the lower layer B. Initial and boundary conditions

of the liquid systemz=2z,,. To consider this exchange of  The poundary conditions at the top and bottom of each
matter, we included an additional flux term proportional t0 medium are no-slip boundary conditions for the fluid veloc-
the exceeding value of the variable in the gel comparing withyy (j.e., zero-flux boundary conditions for the stream func-
the value of the same variable in the liqUi20]. Thus, for  {jon and vorticity and zero-flux boundary conditions for the
Z=2,4, the equations describing the dynamics of this layerchemical concentrations. We also require periodic boundary
are conditions for all variables involved in our equations at the
left and right boundaries of the domain.
The set of equation€), (10) have been integrated using

Ju
—9_ 2 —u*
F(Xg) +DugV g BulUig=Ui), an alternating direct implicitADI) method, while Eqs(8)

ot
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06 0.6 0.6 0.65
z z z
03 03 0.3
0 A2 0 , B2 0 c2 No Propagation
0 18 x 36 0 18 x 36 0 18 x 36
06 06 06
4 :
z z z 04 0.5 B 1
03 03[y 03 v
o A3 l B3 C3 FIG. 2. Critical values of the transfer matter coefficiergs.,
0 18 x 36 % 18 x 36 % 18 x 36 versus B, for wave propagation inside the liquid medium. Two

cases are plotted; no convection= 0.0, marked withx ] and con-
FIG. 1. Wave propagation through a gel-liquid systdh) o vection (¢=2.0x10"°, marked withO). (Solid and dashed lines

=0.0(no convection (B) o=2.0X 1075, andg,= B,= 0.6 (turbu- are just a guide for the eye
lent regime, (C) 0=2.0x10° and8,= 8,,= 0.5 (steady propaga-
tion of the wavefront together with two counterrotating vortices in
the liquid layey. Times for figures arél) 05,(2) 105 s, and3) 210 5y ;— 0 the density does not depend on the chemical spe-
s. (Other parameterss, =0.25. Units in both axis are in ciThe 00 504 the fluid flow dynamic is uncoupled from the reac-
upper part of the medium in each subplabove the solid stright . Kineti der the Boussinesa approximation used in
line) corresponds to the liquid medium while the bottdmelow the thn INEtcs un q PP
line) is the gel. In all subplots the pattern formed by the values ofthIS paper,(B) and(C) o+ 0 for wo dlf.ferent tranSfer. matter
the u variable is plotted(white means 0 while black is 0.8, gray coefficients,. For o=0, the front in the gel excites the
colors are linearly interpolated from thes®e also plot the stream  l1quid region at its bottom and this excitation finally develops
function in the liquid part(contour lines are plotted every 9.3 into a wave front, whose shagas well as the wave front
mm?/min, negative values are in front of the propagating waveinto the gel mediumremains unchanged. For the selected set
front while positive values are at the backn all cases, the wave Of parameters, the wave velocity in the liquid layer is nearly
front propagates towards increasing valueXdivaves propagating twice the velocity in the gel, so the front in the gel medium
towards negative values &f were systematically eliminated in or- is folded as its velocity near the interface should match the
der to be able to follow the propagation of the main wave for longerwave velocity value for the liquid mediufisee Figs. (A2),
periods of time. 1(A3)]. This particular case reproduces experiments by

Zhabotinsky and co-workel22] where they describe wave

propagation in a medium composed by two parts with differ-
and(11) were integrated with a simultaneous over-relaxationent diffusion coefficients and without convection.
(SOR method coupled to the ADI methd@1]. The spatial Wheno+#0, a complex fluid dynamic behavior develops,
step sizes ardAx=Az=1 s.u. while the time step iat Figs. 1B1)-1(B3). First, a chemical wave front is induced in
=10"° t.u. The mesh sizes for the gel slab werg<xL? the liquid medium at the top boundary of the gel layer as a
=200X 16. Since the sizdz'z for the liquid layer affects the consequence of the mass transfer at the interface. Then, den-
wave propagation’ a range of Va|ues were Se'ecteﬁt_lg S|ty g.radlentS dqe_to Chem|Ca.| gl’a.dlents n the V|C|n|ty of the
<16 for research purposes. The valueLgfwas chosen so eaction front originate and give rise to two counter-rotating
that higher mesh sizes do not affect the obtained results. COonvective type vortices. These convective fluid vortices trap

Initially, chemical concentrations are supposed to be ifhemicals from the bottom side of the liquid layer which are

the steady state with no fluid flow anywhees, the vorticity ~ réinjected into the back and front of the initial wave front, at
and the stream function were set equal to zero for all thdh€ gel surface where new wave fronts are initiated, then
mesh points A front is generated only within the gel slab by "ePeating the process depicted above. The new wave initiated
increasing the values of the concentration variablesifo [N front of the original wave front dies out as the old one
=0.5, v4=0.05, andw,=1.0 atL,/4. Two pulses are then reaches its position befo_rg it could_ grow up. By decreasing
generated into the gel medium which propagate in oppositie transfer matter coefficiens, [Figs. XC1)-1(C3)], not

directions although the left one is annihilated. The exchang&nough chemicals reach the liquid layer to initiate a wave
matter with the liquid layer is allowed to occur when the front and only a small bump at the interface is originated.
front reaches the position, /2. This gives rise to two counter-rotating vortices that remain

nicely traveling with the front at the same speed without
perturbing its propagation.
The values of the transfer matter coefficients antlurn
The main influence of fluid dynamics on chemical waveout to be fundamental to control fluid vortex formation in the
propagation is shown in Fig. 1 for a two-layer gel-liquid liquid and the onset of wave propagation in the liquid me-
excitable medium. The temporal evolutiéinom top to bot-  dium. Figure 2 shows the critical values of the transfer mat-
tom in Fig. ) of a wave front is shown for three situations; ter coefficients, and 3, for wave propagation in the liquid

Ill. RESULTS
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FIG. 4. Wave velocity in the liquid medium versus the thickness
of the liquid layer. Two cases are plotted in the figug,= 3,
= B,,=0.0 (marked with (x) and a solid line; here gel and liquid
media are uncoupl¢@énd,= B,,=0.6, B,=0.25(marked withO
and a dashed line (0=2.0x10"°, wave velocity in the gel
medium=4.4 mm/min. (Solid and dashed lines are linear fits of the
medium. Below the lines, the wave front in the gel is unabledata with slope equal to 10.5 mily. Velocities were calculated by
to excite a front in the liquid. It is interesting to note that linearly fitting, once the stationary regime is achieved, all xhe
independently of the specific values of, increasing the coordinates of the wave front versus time.
transfer matter coefficients ¢ferroin], 8, , through the in-
terface necessarily means that higher valugg8 cdre needed
in order to achieve front propagation into the liquid medium.the liquid medium were the same. The coupling of both me-
On the other hand, in Fig. 3 the effect of for wave  dia, gel, and liquid, induces a higher stability of the front
propagation is ana|yzed for two Va|uesl[qf_ The lines cor- dynamiCS which |S translated |nt0 the need of hlgher depths
respond to the Critica| Va|ues ﬂu above Wh|Ch wave propa_ in Order to get hlghel’ convective Ce”S able to destl’oy the
gation in the liquid medium occurs. For any valuegfthe ~ Wave front.
behavior is equivalent to those two examples shown here,
namely, a nearly constant value 8§, and then a rapid drop
in B, to zero for some critical value . For any value of3, Convective structures associated with traveling wave
contant, such the> o, still holds, any value of3, will give fronts in a two-layer medium have been observed and their
rise to front propagation in the liquid and finally this wave properties analyzed in terms of mass transfer rate between
will be broken due to convection giving rise to multiple ex- both media, liquid layer width, and coupling strengthbe-
citations in the gel surface as it was described above in Figsween fluid flow and chemical dynamics. As a consequence
1(B1)-1(B3). Within the region of front propagation, for a of different chemical compositions in the vicinity of the front
constant value of,, as the coupling between hydrodynam- in the liquid medium, density gradients are induced giving
ics and the reaction dynamics of the Oregonator model isise to the formation of two counter rotating convective rolls.
increased(i.e., o increases the wave front velocity in- These cells move together with the wave front for small val-
creases due to the presence of two counter rotating vorticages of the mass transfer rate at the interface, while a disor-
traveling with the wave. Note as well that the valuesoof dered, otherwise turbulent, behavior is observed for higher
found in the literaturé¢4], are usually quite below these criti- values of 8, and 8, . The effects of transfer matter coeffi-
cal values ofo but still open new possibilities for the effect cients andr on wave propagation are binded together. For a
of convection cells on pattern formation. constant value ofr, increasing the transfer matter coefficient
Finally, the role of the liquid layer depth for wave propa- of [ferroin], 8, , necessarily means to incregdgto achieve
gation has been investigated. Figure 4 shows the wave vevave propagation. Nevertheless, for high enough values of
locity in the liquid medium as a function of the layer depth o, above some critical value., any value ofg, will give
for two different cases(i) either the chemical transfer at the rise to wave propagation.
interface is allowed8,# 0 andg,#0) or (ii) is not allowed Previous experiments and numerical simulations taking
to occur 3,=B,=0). In all cases, these velocities were into account convection have been performed only in aque-
higher than the wave front velocity in the gel layer due to theous solutions. Most of the actual experiments are performed
used diffusion coefficients. Whepg,#0 and B,#0, the in a two-layer media where wave propagation only takes
wave front in the liquid keeps its shaf® wave velocity can place in the gelcatalyzer is immobilized in the gelHere,
be definedfor layers as deep as 1.26 mm. For higher depthswe have shown that independently of the transfer rate at the
convective cells destroy the front and induce some kind ofnterface, when the fluid flow dynamic is coupled to the
turbulence behavior as it was described above. When thehemical reaction kinetics, two counter-rotating vortices de-
chemical transfer at the interface is not allowed to occur, theelop in the vicinity of the front. Even in the case of no front
maximum depth for steady wave propagation is 0.9 mmpropagation in the liquid, a small perturbation at the gel sur-
Nevertheless, in both cases, the obtained wave velocities iface gives rise to two convective cells. These results could be

FIG. 3. Critical values of3, versuso. Two cases are plotted,
namely,B,=0.25(marked withx) and8,= 0.5 (marked withO).
(Solid lines are just a guide for the eye

IV. DISCUSSION
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