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Magnetic effect for electrochemically driven cellular convection
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Hydrodynamic instability analogous to RayleighrBed convection is observed in an electrolytic solution
between two parallel copper wire electrodes. The laser interferometric technique can reveal the dissipation
structure created by the motion of the fluid, which is controlled electrochemically. It is shown that under the
presence of horizontal magnetic field the roll cells move horizontally along the electrodes. The electrochemi-
cally driven convection is simply controlled and monitored by setting and measuring the electrochemical
parameters and forms many kinds of spatiotemporal patterns, especially under the magnetic field. The phe-
nomenon is modeled by considering a Boussinesq fluid under a concentration gradient. The stability of the
resulting equations is studied by linear stability analysis. The time dependent nonlinear system is investigated
numerically and the main features of the experimental response are reprodbb@ei3-651X%99)05006-(

PACS numbd(s): 05.45—-a, 47.54+r

I. INTRODUCTION to another, and possible reduced mathematical models which
are able to reproduce to some extent the physical response of
One of the most exotic functions of nature is spontaneoughese systemg26].
pattern formation in spatial as well as temporal regions. In this article, we will present an analog of Rayleigh-
Chemical processes evolving into pattern generation, such &enard convection, which is controlled electrochemically.
the homogeneous Belouzov-Zhabotinsky readtirand the ~ The system consists of an electrolytic solution lying between
heterogeneous COjQeaction on platinum surfad@,3], are  two wire copper electrodes. The main difference between the
rather common. Physicochemical investigation of these read?ayleigh-Beard system and the present one is that in the
tion mechanisms is in the process of providing a deeper urelectrochemical cell heterogeneous chemical reactions occur
derstanding of biological systems which sustain themselvegn the electrodes’ surfaces. Hence, under certain conditions
in dissipating the chemical energigs-6]. discussed in this work, the role of the temperature gradient is
We have focused our interest on nonlinear electrocheminow played by a concentration gradient between the two
cal systems where electric energy is converting into chemica@lectrodes. The temperature difference between the two wire
energies and vice versa. The surface reaction including a@lectrodes can be assumed constant and thus the density
electron transfer is driven by the applied potential on thevariation in the gravitational field is now due to the concen-
electrode. The electrochemical interface is open for transpoitration in the electrolytic solution and not due to the tempera-
tation of the reacting species and the reaction is controlle¢ure.
and monitored by electronic circuits. There have been a lot An additional external forcing is also considered in the
of interesting examples reporting dissipation structures irpresent work, namely, the Lorenz body force due to a con-
electrochemical systenig—9|. stant horizontal magnetic field. It is shown that this addi-
The most historical and famous dissipation structure mustional forcing induces new types of response, very similar to
be Rayleigh-Beard convection, which is driven by the hy- other hydrodynamic systems where no chemical reactions
drodynamic instability made by spatial distribution of the are occurring. The actual effect of the constant magnetic field
temperature. It has been observed experimentally, analytis investigated experimentally and theoretically and the new
cally, and numerically, that when the parameters of this systypes of fluid motion are discussed.
tem reach a critical value, fluid convection starts, which may The paper is organized as follows. In Sec. I the experi-
form a variety of spatial patterngl0,11. By varying the mental arrangement is presented. The experimental results,
bifurcation parameters even further, new types of bifurcaboth in the absence and the presence of the magnetic field,
tions and resonance lead to spatiotemporal periodicitieire described in Sec. lll. In Sec. IV the model equations are
symmetry breaking, or even chaos. Related work on othepresented and studied both analytically and numerically. Fi-
hydrodynamic systems, such as driven flq@i@—21, mag-  nally, in Sec. V the results are discussed.
netoconvectiof22—24, and forced thermal convecti¢@5],
revealed similar and even richer dynamical behavior when an
external force, other than gravity, is applied to the system.
The large amount of research in the field of hydrodynamic
instabilities has illuminated, to some extent, the physical pro- The configuration of the electrochemical cell is shown at
cesses behind certain instabilities leading to pattern formahe lower right of Fig. 1. The two electrodes were copper
tion, new routes to the transition from one kind of behaviorwires, whose diameter was about 0.5 mm. The electrodes
were placed parallel between two quartz windows. The dis-
tance between the electrodes was about 0.3 mm. The quartz
* Author to whom correspondence should be addressed. windows were connected to each other with t@®erings.

Il. EXPERIMENTAL ARRANGEMENT
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IIl. EXPERIMENTAL RESULTS

A. Under no magnetic field

A typical relationship between the current and the poten-
tial applied between the two parallel copper electrodes is
shown in Fig. 2. The horizontal axis represents the potential
Copper Sulfate difference between the upper electrode poteniig),and the

Solution lower electrode potentiak,; i.e., E=E;—E,. In the posi-
tive potential region, electrodissolution proceeds at the upper
Electrochemical Cell & B electrode and electrodeposition at the lower electrode. In the
ectrochemic,

negative potential region, the reverse reaction takes place,
FIG. 1. Optical arrangement of Mach-Zehnder laser interferomd-€., electrodissolution at the lower electrode and elec-
eter and the electrochemical cell. trodeposition at the upper electrode. The potential sweep rate
) was 50 mV/s. The potential is scanned repeatedly between
Thus, a closed cell was formed where the distance betweep{ g and —1.0 V. After the current response becomes
the quartz windows was 2 mm. The diameter of the windows;iaple, the cyclic voltammogram is recorded. On the way of
as well as the length of the electrodes was 20 mm. The,e potential scanning to the positive direction, a small oscil-
direction along the electrodes was thdirection. The plane lation is observed and a current becomes ste@dy mA)
dened by e b leciode as piaced parale o N daer a curent masimum at0.31 V. On the negatve po-

. 9 Y v tential scanning, the current becomes ste@ mA) fol-
rection. The electrolyte solution used was an agueous sollll(-)win 4 current maximum at 0.32 V. There is no oscilla-
tion containing 0.M CuSQ, and 0.M NaSQ,. The owing a | \ ) S . .

on in this region. When the potential is reversing, i.e., on

electrochemical parameters were controlled by a potentiostatfh ) . L i i
The current and potential were recorded onXal recorder. the negative potential scanning in the positive potential re-
A magnetic field was generated by a Helmholtz coil con-gion, the saturation currents are obtained. These saturated

nected to a power supply. The strength of a magnetic fiel@Urrents are governed by the mass transport of copper ions.
was measured by a Gauss meter. The direction of the mad'he value of the saturated current in the positive potential
netic field was normal to the plane defined by the two electegion is larger than the one in the negative potential region
trodes. because the copper ion is transported by diffusion and con-
A Mach-Zehnder laser interferometer was used to observéection in the positive potential region, whereas it is trans-
the motion of the electrolyt§27,28. The optical arrange- ported only by diffusion in the negative potential region.
ment is shown in Fig. 1. The coherent emission of 514.5 nm Typical interferograms under no magnetic field are shown
from an Ar" laser was divided into two beams by a polariz- in Fig. 3. The potential is+ 0.4 V for Fig. 3a) and—0.4 V
ing beam splitter. One of them, reflected by a mirror, passefbr Fig. 3b). In Fig. a), the electrodissolution proceeds at
through the electrolyte solution between the two electrodeshe upper electrode. In this case convection is observed, with
The other beam was reflected by a mirror, and the two beamgpward and downward streams ranged regularly in space. In
were again combined at a final polarizing beam splitter. Af-Fig. 3(b) the electrodissolution proceeds at the lower elec-
ter that, the interferogram was projected on the screen arfiode. The horizontal fringes are ranged along the electrode.
recorded by a video camera. This setup achieved a verticéih this case there is no convection, and the ions are trans-
cross sectional view of the spatial distribution of the refrac-ported from the lower to the upper electrode by diffusion,
tive index in the electrolyte solution. Because the refractivewhich proceeds in the concentration gradient. Convection
index of the solution is proportional to the concentration ofoccurs specifically when the concentration of copper ions
CU* up to 1.MM, the fringes in the interferogram are con- makes an unstable distribution of the fluid density under the
sidered as the contour lines of the concentration. gravitational field[Fig. 3(@)].
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FIG. 3. Vertical cross sectional view of the concentration of the I | |
copper sulfate obtained by the laser interferomet@rWhen the 0 50 100 150 200
anode is on the topH= +0.4 V), fluid convection is observed; and
(b) when the anode is at the bottog€ —0.4 V) ions are moving
only due to diffusion. FIG. 5. Relationship between the traveling velocity of the rolls

and the strength of the magnetic fiell= +0.4 V.

B (gauss)

B. Under magnetic field

The time evolution of the interferograms is shown in Fig. roll cells are stretched towards the lateral direction. The hori-
4, where the magnetic field strength is 112 G and the poterneontal length of the cell is enlarged and the fluid patterns are
tial is +0.4 V. In order to prevent any edge effects, eachtilted as the field strength is increasing. Although the shape
picture in Fig. 4 is taken in the middle part of the electrolytic of the interferogram varies, especially in the positive poten-
cell at time intervals of 3 s. It is found that the roll cells are tial region, the relationship between the current and potential
moving horizontally from left to right and the direction of is identical to the one shown in Fig. 2 under magnetic field
streams is slightly tilted from the one obtained under onlystrength of 149 G.
gravitational field. As the ionic current is passing through the Considering that the shape of the interferogram varies as a
electrolyte between the two electrodes, Lorenz force movehinction of the magnetic field, the transient behavior of the
the roll cells towards the right. The relationship between thdluid motion was investigated by turning off the magnetic
velocity of the roll cells and the magnetic field strength isfield. The time evolution of the interferogram before and
shown in Fig. 5. The velocity of the roll cells increases pro-after the disappearance of the magnetic field is shown in Fig.
portionally to the magnetic field strength. The roll cells do7, where the magnetic field strength is 149 G and the poten-
not break and move smoothly when the magnetic field doesial is +0.4 V. The pictures in Fig. 7 are taken at time inter-
not exceed the value of 187 G. However, over 187 G, thevals of every 3 s. In order to avoid the inductive effect, the
magnetic field perfectly destroyed the cells. induction current from the magnet was blocked by the diode

The interferograms under several values of the magnetimserted between the magnet and the output terminal of the
field strength are shown in Fig. 6. The shape of the interferopower supply. Under the magnetic field, the roll cells are
grams is not changed up to 187 G in Figap where the moving from left to right. After the magnetic field disap-
applied potential is- 0.4 V. The fluid between the two elec- peared, the cells start to move in the reverse direction, as
trodes moves towards the right due to the magnetohydrodyshown by the line in Fig. 7. Because the stretching force
namic force. This movement of the fluid does not disturb thedisappears after the termination of the magnetic field, the roll
spatial distribution of the concentration of the copper ion,cells are compressed up to the zero field shape, which must
which concludes the motion to be a luminar flow. However,be the origin of this reverse motion.
when the potential is+0.4 V, the shape of the interfero- In order to investigate an edge effect, the time evolution
grams varies as a function of the magnetic field strength; thef the interferograms was obtained at the edge of the elec-

Z axis

trodes and shown in Fig. 8, where the magnetic strength is
112 G and the potential i$ 0.4 V. The pictures in Fig. 8 are
electrodes, plastic spacers were inserted between the two
S g9 electrodes. This spacer partly prevents the horizontal move-
2 ;2 ;z m b e ment of the fluid. At the edge, the fluid must pass through the
‘ edge of the electrode, as the conductance of the fluid de-
A _0s creases, the lateral velocity decreases as shown by the line in
the right of Fig. 8. Because the roll cells cannot move
?" ME)E smoothly at the end of the electrode, they push each other
- Sy =125 and disappear. As is shown by the two lines in Fig. 8, the
. one down flow. This is the way in which roll cells disappear
at the end of closed boundaries.
FIG. 4. Time evolution of the interferogram under the magnetic  In the case of the open boundaries at the end of the elec-

""’t’\f‘ i ®8 btained at time i Is of both ends of th
gnm}. obtained at time intervals of every 2 s. At both ends of the
- - -~ t=3s l
space between the electrodes and the optical windows. At the
I AT streams in the left move more quickly and they catch up to
m, the one in the right. It is found that an up flow between two
2 i =158 down streams disappears and these three streams merge into
field. B=112 G,E=+0.4 V. trodes, the motion was different from the one at the closed
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boundaries. In this case, the edges of the two electrodes were c=cy/2,=Cylzy, €)
painted in order to insulate electronically. Within this coated
area at the edge of the electrodes, neither the eIectrochemicaIdD is the effective diffusi Hicient
reaction or the convection occurs, but the conductance of th@" IS the efiective diftusion coetticient,
lateral movement of the fluid does not decrease. In this situ-
ation, the velocity of the roll cells is constant spatially as _ D1Dy(z1+2,)
shown by the two lines in Fig. 9, where the roll cells disap- T Dyz;+D,z, )

pear without any interaction with others.

It is interesting to note that in the case of a binary electrolyte,

a potential term does not enter the mass balance equation.

However, this equation does not contain a true diffusion co-
e(gz_fficient but an effective one. The potential effect may be
reonsidered through the boundary conditions, if the reaction

IV. THEORETICAL RESULTS
A. Under no magnetic field

During the heterogeneous chemical reactions on the el

trode surface, the ionic concentrations change in the neig

borhood of the electrodes. The change of concentration leadd!
to the change of the density closer to the electrode surfac&®

The density difference causes a spontaneous movement of
the electrolytic solution in the electrochemical cell. This phe-
nomenon is often addressed in electrochemistry as natural
convection, independently of the direction of the reaction
surface[29].

Let us consider a solution containing a binary electrolyte.
The fluxes of the ionic species are

1=—D1VCl—7121F01V¢+C1U, (1a)

(1b)

—

2= — D2VC2+ 7222FC2V¢+ Czu,

—

where the subscripts 1, 2 refer to the cations and anions,
respectively,z; is the absolute value of the charge of the
ions, v; the ionic mobility, D; the diffusion coefficient,
ci(x;t) the concentration,¢(x;t) the electric potential,
u(x;t) the velocity of the solution, anf the Faraday con-
stant.

The solution is electrically neutral, hence,

2101_220220. (1C)

By using the electroneutrality condition, E(.c), the mass
balance equation for the ionic species is written

Jc
—+u-Vc=DVZ,

o )

wherec is given by

the electrode is slower than the ionic transport in the
lution.

g
| 1 2O WY =149

X axis

FIG. 7. Transient behavior of the interferogram induced by

switching off the magnetic field3=149 G andE=+0.4 V.
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FIG. 9. Movement of the roll cells at an open edge=112 G

FIG. 8. Movement of the roll cells at a closed edge=112 G andE=+0.4 V.
andE=+0.4 V.
In order to investigate the possible occurrence of hydro-
The velocity of the solutiony, is given by the Navier- dynamic instability, we consider an initial state of the solu-
Stokes equations. Additional, we assume incompressibilitytion where the concentration is uniform and constant along
thus, the electrode surfaces. We also do not consider any magnetic
field effects, at the first stage. Thus, the basic state whose
V-u=0, (5a stability is to be tested is a motionless steady state with a
linear concentration gradient along the vertical axsis).
The resulting equations for the perturbations of the velocity
and the concentration, in dimensionless form and by keeping
the same symbols, are

Ju 1 ) p
—+u-Vu=——Vp+ovV2u+ —G(xt), (5b
ot Po Po

where p(c) is the density of the solutiorp is the (scalay
pressure defined by the equation of statés the kinematic V.u=0, (83
viscosity, andG(x,t) is the external forces acting on the

solution. In Eq.(5b), we use the Boussinesq approximation, au ,  Re
—+u-Vu=—-Vp+Vau-— —ce

that is,p=pg, in every term of the equation except the force ot P (8b)
term.
Furthermore, we assume that the density of the solution is Jc
given by a truncated Taylor serig¢29], Eﬂj Ve=-u+Py 1V2 (80
p(c)=po[1+a(c—co)], (6)

where the usual parametrization is used:s 6%t/v, u
where a=(1/po)(dp/dc)|c=c,>0 can be considered as a —vu/, c—p4c, andx— ox. In Egs.(8), Pe=v/D is the
concentration coefficient of volume expansion gnds the  electrochemical” Prandtl numberactually the Schmidt

solution density whert=c. numbel, Ry=gaB5*vD is the “electrochemical” Ray-
Finally, we introduce a further assumption for the reaction'®igh number, ande=(0,0,1). In the expressiorR,,S
surfaces, =Cql 0 is the constant concentration gradient between the
electrodesg is the gravity, and is the distance between the
C=Cgy (Onthe anodg (7a)  electrodes.
The stability of Eqs(8) can be studied by following pro-
c=0 (on the cathode (7b) cedures similar to ChandrasekHdr]. As is expected, the

minimum  “electrochemical” Rayleigh number R

Equations(7) have the following meaning: for both elec- ~1707.76) is obtained for a wave number close to 3.12,
trode surfaces we consider that the electron transfer step ishen rigid boundary conditions are considered. Hence, for
much faster than the movement of the ions towards or fromhis critical R, we expect hydrodynamic instability to occur
the surfaces. Thus, on the anode where electrodissolutian the electrochemical system.
occurs, ions are concentrated until a saturation value is The linearized system is expected to have roll solutions
achieved. On the cathode, all ionic species arriving at théor the velocity. Actually, in Fig. 1) we present the pat-
electrode surface are consumed by reduction and thus, therns emerging close to critically for the concentration. In
concentration on this surface is zd29)]. this figure, regions of high concentration are depicted with
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Uy=

The dimensionless equations in the two dimensional case are

written
y g UAS") Rei JC
R T e R Y L } — (V) + ————=Vy—— —, 11
0 1 P 3 4 5 at( ¥ d(X,2) v Pej 0x (113
(b) Cathode (-)
i EDEE gc dpac apac  dy 1 [d*c %
s ot o=t o2t )
ot 9z 9x IXx dz X  Pgloxs 97z

(11b

where the symbols have their usual meanif2. In order
to solve Egs.(11) numerically, we implement a procedure
similar to that of Getlind33]. Therefore, we assume a Fou-
rier expansion in the direction (normal to the electrodes’
Anode (+) surfacg and continuous wave number spectra in xtdirec-
FIG. 10. Th ) il iticalite) When th tion (along the electrodes’ surfacdn this sense, the hori-

- 10. The concentration profile on criticalitye) When the ;5| gependence of the velocity and the concentration are
anode is on the top, the ions move due to diffusion and convectlor};lot assumed periodic. Thev have continuous spectra and are
and(b) when the anode is at the bottom the ions move only due to P . y P .

I ) N represented by Fourier integrals. Thus, the stream function
diffusion; no fluid convection is observed. . .
and the concentration are written

dark gray color whereas regions of low concentration are +oo i
depicted with light gray color. As can be seen in this figure, (X, Zt)= 2 Po(,1)el ("N, (129
while the fluid velocity attains the usual roll solution, the n=—o J-o

concentration has a stationary wave form profile where the

mean amplitude increases from the bott@rathodé to the = +oo gt

top (anod@. This profile is the one observed with the inter- c(x,z;t)=n:2_m - Co(w,)e "™ Ndw. (12D
ferometric technique. The calculated pattern is in very good

qualitative agreement with the experimental evidence pre- By taking the Fourier transform of Eq$l1) and using
sented in Sec. 11 A30] and verifies our assumptions for the Egs.(12) we arrive to the following infinite dimensional sys-

formulation of the model. ~ tem of ordinary differential equations for the spectral func-
Let us turn now in the case where the upper electrode is ﬁonsT/; (@,t) andS,(w,b):
n ' n 1 .

cathode and the lower electrode is an anode. In this case we

do not expect a transition from the steady state0 to con- d@n(w) o~ . Rer
vective flow. The movement of the ions in the solution will Kn(®) i k(@) (@) +i wP—Cn(w)+ Kn(w),
only be due to diffusion, that is, E§2) becomes el (133
Jdc ~
— =DVZ2c. 9 dey(w ~ Kn(®w)~
T © ;(t L ()~ Ff % (0)+ Lo(w), (13D
el

The concentration distribution in the case of pure diffusion is 9, 2 2
presented in Fig. 10). As can be seen in this figure, the where ky(w) = w"+n“a*, and

concentration profile decreases smoothly from the bottom +o o
(anodg to the top(cathodg. This result is also in very good Koy(w)= > (0M—Na) Tk @) Y@
agreement with the experimental evidence of Sec. IlIA. A m=—ow J—w
constant concentration gradient was observed between the -
bottom and the top electrode due to the diffusion of the ionic —a)ym(a)da, (143
species from regions of high concentration to regions of low .
concentratior]30]. +oe ~ ~

In order to calculate the time dependence of the concen- L“(“’):m;w . (@Mm=na) 7y m(w = a)Cr(@)da.
tration profile in the nonlinear case we utilize a numerical (14b)
procedure. Thus, we assume walependence of the vari-
ables(i.e., two dimensional cageinder Boussinesq approxi- Equations(13) are solved by writing separately real and

mation. For the numerical scheme we implement the morémaginary parts and introducing a finite range of the param-
unrealistic case of both free surface boundary conditionsetersn andw. In the present work, a grid of’680 points is
having in mind that the results differ only quantitatively used and thus a total number ok&1 equations are inte-
when the more realistic rigid surface boundary conditions ar@rated for eachn value. The temporal integration is per-
applied[31]. We also introduce the stream functiof(x,z),  formed by a Runge-Kutta fourth order scheme whereas the
such as integralsK,(w),L,(w) are calculated by a Simpson and a
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(a) Anode (4] takes a “mushroom” form. By comparing Fig. (@ with

the experimental results of Fig(88 we observe a very close
similarity between the calculated behavior and the physico-
chemical response, even for these arbitrarily chosen values
for the parameters. It can be seen that the two dimensional
model for highR, values reproduces qualitatively the behav-
ior observed experimentally.

Z axis

B. Under magnetic field

Gathode (-) There are three main effects of the magnetic field on the
(b) Anode (+) behavior of the system, namely, the enlargement of the rolls,
the tilting to the direction normal to the current flow, and the
traveling of the rolls in the direction of the Lorenz force. The
total current flowing in the solution containing a binary elec-
trolyte, during a potentiostatic experiment, is a vector func-
tion of diffusion and electromigration currents. The convec-
tive phenomena, even though they do not enter explicitly the
expression of the total current, determine the concentration
distribution in the solution. Hence, the spatiotemporal char-

Cathode (-) acter of the concentration distribution in the solution leads us
(c) Hriotie (4} to expect that the Lorenz body forcE=ix B, will not be
constant in space and time but a spatiotemporal function,
even when the applied magnetic field is constant.

Let us consider the electrolytic solution as a conducting
liquid. Due to the low conductivity of the solution, no mag-
netic field is induced by the current. Also we can ignore the
existence of displacement currents and assume electroneu-
trality. The total current flowing in the solution will be equal
to the summation of the currents carried by cations and an-

z axis

z axis

Cathode (-) ions, that is,
FIG. 11. Concentration profiles for the nonlinear case for vari- i=z,Fj,—2,Fj,, (16)
ous parameter valuega) Ry =700, P,=10; (b) Ry=1000, P )
=10; and(c) Ry=3000, P,=10. or, by using Eqgs(1) and(3),

half Simpson formula depending on the parity of the param- i=—(D;—Dy)Fz;z,Vc. a7

eterm. Once the spectral functions are determined, the origii

. . . n Eq.(17) we ignored th tential term under th ndition
nal functions are calculated by the following equation: a.(17) we ignored the potential term under the conditio

that we are dealing with flows in the limitingsaturateyl
o " current region. Additionally, no convective term enters Eq.
p(x,2)= >, (_4f [ 1My, ( @) COswX (17) due to electroneutrality. We must point out that under
n=1 0 potentiostatic conditions the current flowing in the cell has
both anx and az component. Thus, due to the presence of

+Rez~//n(w)sinwx]dw)sinn7rz, (15  the magnetic field, an additional forcing tertthe Lorenz
body force will enter both Navier-Stokes equations, Eq.

(8b). The equations of the origindunperturbell variables

and an analogous equation fofx,z). Equation(15) can be | nqer the effect of a magnetic field normal to the plane de-
derived easily by considering the reality of the functionsg,gq by the two electrodes will be

¥(x,z) andc(x,z) and the parity introduced by the free sur-

face boundary conditions. We must point out that although gu, Uy AUy 1 dp u,  d%u,|  i,B

the numerical scheme requires the introduction of a discrete ;- TUx— - TU;——= —— —> +v| =5 + ——5 | — —,
_ q _ ot ax 9z po X x> 9z Po

wave number grid, the grid values are only computational 18

parameters and not physical parameters. For fixed initial con- (183

ditions and small grid increment, the results do not dependu, au, au,

on the choice of the grid valug83]. EJFUxWﬂLUzE

In Fig. 11 the solution of the nonlinear problem is pre-
sented for values oR,, above the critical value in the free 1 ap du, J*u,\ p i,B
surface case, after all the transients have died and the spec- =~ g 9z U ax? + 02 594‘ E' (18b)

tral functions have converged to a fixed value. Rgrclose

to the critical value the concentration profile is very similar By using the analytic expression of the current, &), and

to the linear case. By increasifiy, the concentration profile turning to the perturbation functions, the stream function
becomes more complicated and finally for hiRy values equation becomes
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d Ay, V2) Re 9C d9’c  d°c Anode (+)
T2y DOV g, Tel 00
' "t axo Py ax mad gxZ T z2)
(19
where
(D;—D,)Fz,2,B85°
Fmag= . (20)

poU

is the dimensionless forcing amplitude due to the magnetic
field. By observing Eqg18) we can notice that there are two
components of external forcing due to the magnetic field,
one acting on th& direction and one on thedirection. The
magnetic field is constant, but the current is a function of the
concentration gradients in both directions.

By following the procedures of Sec. IV A we obtain the
following equation for the spectral function of the stream
function:

Z axis

dT//n(w)
dt

(@ = k() Tn(@) +i0 52 @) +K(0)
el

+Kn(w)Fma96n(w)r (21)

while Eg. (13b) remains the same.
By integrating Eqs(21) and (13b), for low F,4 values, 4 ; :
the concentration profile is similar to the case of the absence Cathode (-)
of the magnetic field. Whe# ., becomes larger, the rolls
are tilted from their original position and a modulation of the  F|G. 12. Concentration profile under gravity and magnetic field.

flow is also observed, leading to the enlargement of the rollsthe rolls are enlarged, tilted, and travel towards the edge of the
Additionally, the rolls start to travel with constant speed to-electrodesRe= 1000, Pg= 10, Faq=100.

ward the edge of the electrodes. The behavior of the system

in the presence of the magnetic field is illustrated in Fig. 12¢ase a similar procedure would require the continuous varia-
The three main effects of the magnetic field, namely, th&jon of the concentration difference between the upper and
tilting, the modulation, and the traveling of the rolls are re-the |ower electrode. Unfortunately, this is not possible; when
produced by the model. By increasing the forcing amplitudethe system is in the limiting current region the concentrations
the traveling velocity of the rolls increases also. The increas@aye the fixed values of Eqé&7). One might argue that the

of the traveling velocity as a function &, is presented in - concentration difference could be altered continuously by
Fig. 13. It can be seen that the velocity increases linearlyarying the applied potential between the two electrodes. In
with Fag. By comparing Figs. 12 and 13 with the experi- this case, though, the effect of the potential should be in-
mental results presented in Figs. 4 and 5 we can notice thalyded both in the boundary conditions, E®), and the
most of the flow features are reproduced by the model equaswyrrent expression, E¢22), and the problem would become

tions. extremely complex and difficult to deal with. The problem of
continuously varyindzg by varying the concentration differ-
V. DISCUSSION ence does not permit, at least at this stage, a direct compari-

Even though the model equations are a drastic simplifica-
tion of the real system and the parameters for the numerical 5t
investigation were chosen arbitrarily, some useful conclu-
sions could be drawn from this investigation. It is worth 4r 2
noting that our simplified system Eq&®) and(5) is similar sl .
to the equations describing the Berd phenomenoji1,31. U
This can be seen if we consider the following relationships: 2t

[
c—T, D—«k, |dc/dZ—|dT/dZ, 1 //

whereT is the temperature and the thermal conductivity 0 20 40 680 80 100
coefficient in the Beard case. In the case of thermal convec- E

mag

tion, the behavior of the system is usually controlled by the
variation of the Rayleigh number. This is accomplished by FIG. 13. Relationship between the traveling velocity of the rolls
continuously varying the temperature difference between thand the amplitude of the external forcing due to the magnetic field,
upper and the lower fluid surface. In the electrochemicaF .. Re=1000, Pg=10.
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son of the critical values of this parameter between the mod21. Similar behavior was observed in a system where the
eling results and the experimental findings. This is the reasomagnetic field was constant and the current flowing in the
we give only a qualitative significance to the theoretical re-solution was spatially periodicl7]. Tilting and traveling of
sults. NeverthelesR,, can be affected by increasing the vis- the rolls during convection was also obseryed in truncations
cosity of the system with the addition of an electrochemi-of the full system describing the Rayleigh-f&d convec-
cally inert substance. Another parameter that could be varieion, by varying the bifurcation parameters of the resulting

is the distance between the electrodes. These effects are (f¥Stem of ordinary differential equatio&6]. A response
der study in our laboratory. that resembled this was observed also during resonance,

It is interesting to note also that natural convection isleading to the break of parity of the solutions and bifurcation

expected to take place in an electrochemical cell with onIySIUd'es[%’_:'m and during investigations of magnetocon-

one reacting electrode. Levi¢R9] described to some extent VE(I:rtwlotr;1[eZ3r;r2e4]s.ent study, we have shown that the electro
the phenomenon in the case of a planar electrode, placed irh . ’ i . )
. : ! chemical system under a concentration gradient between the
parallel with the gravity force vector. The electrode was as- lectro des)::an give rise to convective f?ow and roll pattern
med t thode. The length of the layer of variabl o . . . .
ignciitsit?oedgif(f:ssi(?r??ayebew§s %our?d toeb:)(/)EOSOcma Iib ormation in the electrolytic solution. When this flow is sub-
our experimental setting, the distance of the electrodes i’seCted to an external forcing, due to the magnetic field, large

0.03 cm. Thus, we can speculate that all our observations an ale ﬂO\.N develops, leading to the breaking of symmetry of
performed in t’he area where the two diffusion layers of thet. e solutions. The external fprce is not constant in space and
electrodes are overlapped time, not due to the experimental settings but due to the

An analysis of the cell pattern formation in an electro- physicochemical characteristics of the system. It can be seen

chemical system was also presented in the [@#t In that from Eqg. (19 that even though the magnetic field is kept

work, the authors present a model for the patterns formed oﬁonstant during an experimental measurement, the forcing is

the electrode surface during electrodissolution under galUot constant but a function of the concentration of the ionic

vanostatic conditions. They consider the instability of thespecies. By inspecting Eq&18) it can be noticed that the

flow by supposing the coexistence of two superimposed flumign?]tt'f tfi'erl‘d (;Iog,is nrtlog ?Cht as 2” ]lrncrteiisﬁ ?;ntgg S/iertlcal
ids of different densities. The bottom fluid was adjacent goconcentration gradie ut has an efiec Rt A
gctlon. This fact leads to an additional coupling term be-

the electrode surface, where salt precipitation occurs, and ti;[ween the Navier-stokes equations and the mass balance
upper fluid was the electrolytic solution. In this sense, tha q

e : - equation. When this coupling is large enough, the symmetry
system presents a Rayleigh-Taylor type of instability. The f the roll solutions breaks and the patterns tend to tilt and

main difference with the system investigated in the present | al the electrod
work is that we are dealing with formations in the electro- ra\’gedatoirllgd ,?gefrrg iens't be done. in order to reveal th
lytic solution and not on the electrode surface. Additionally, ctaried study remains fo be gone, in orderto revearine

the reason for variable density in our system is the concereXact bifurcation characteristics of the system. Further ex-

tration gradient between the two electrodes and not the SLp_erime_ntaI investigation of the physicochgmical system z_and
perposition of fluid layers of different density. These two numerical exploration of the model equations for increasing

differences lead to a totally different formulation of the V?"“es O.fRe' an_dFmag will elucidate even more_the m_echa_-

model equations. n:sn:s gr|1vmg rlisz to p{_;lttelrn f(:rmatlon and bifurcations in
Tilting, modulation, and traveling of the rolls during con- electrochemical dynamical systems.
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