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Transition from gravito- to electroconvective regimes in thin-layer electrodeposition
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The transition from gravitoconvective to electroconvective prevailing regimes in thin-layer electrochemical
deposition is analyzed through variations of electrolyte viscosity at constant cell thickness. The distribution of
velocity directions at the deposit front is a measure of the relative weight of electroconvection versus gravi-
toconvection, and a signature of that transition. The experiments are carried out under galvanostatic conditions
in convection prevailing regimes. Particle image velocimetry reveals that at low viscosities, buoyancy driven
convection dominates; as viscosity increases, electrically driven convection becomes more important, eventu-
ally prevailing. The transition is observed at 1.5 times the viscosity of water. The theoretical model presented
reveals that an increase of the Poisson and Reynolds numbers and a decrease of the Peclet and electric Grashof
numbers, when viscosity increases, makes the electroconvective motion relatively more important. The model
predicts a transition at approximately two times the viscosity of water. We may conclude that, in a physico-
chemical hydrodynamic flow involving ions, under galvanostatic conditions, increasing viscosity damps gravi-
toconvection and enhances electroconvection.
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[. INTRODUCTION gravitoconvection as compared to electroconvection. It was
found that the variations of correlate well with the changes
In electrochemical thin-layer electrodepositi@CD), the  in the relative importance of both modes when the thickness
use of relatively high current densities, along with the ab-was varied. Viscosity is a key parameter to analyze the in-
sence of support electrolyte, give rise to complex, branchefluence of convection. In a typical hydrodynamic flow, in-
growth morphology[1]. In this situation, the transport of creasing viscosity produces a general damping of the flow
ions in the electrochemical cell is due to a combination ofpattern. In a physicochemical hydrodynamic flow involving
migration, diffusion, and convection. The relevance of con-ions, the situation is more complex as shown below. In a
vection, relative to migration and diffusion, in ion transport recent paper, Gonzales al.[23] presented an extensive ex-
and growth morphology in ECD, for cells with thickness perimental and theoretical study of the role of viscosity in
larger than 50um, has been demonstrated by a number ofECD under galvanostatic conditions, where viscosity was
researcherf2—21]. In cells with thickness less than 50m,  changed through glycerol additions. Experiments revealed
diffusion and migration are the dominant modes in ion transthat increasing viscosity, convection decreased and concen-
port as shown by Legeet al. [17]. Convection is driven tration gradients were more pronounced, while electric resis-
mainly by Coulombic forces due to local chardés9,15, tance and voltage increased. Concentration and convective
and by buoyancy forces due to concentration gradients thdtonts slowed down with viscosity, but their time scaling
lead to density gradientgl4,15. When ramified deposits followed the same law as for solutions without glycerol, only
form, they interact with gravity driven vortex tubes and elec-differing by a constant. The theoretical model presented,
tric driven vortex rings, vyielding a complex three- based on that introduced by Marshetlal. [22], describes
dimensional helicoidal fluid motion. The only way to assessdiffusive, migratory and convective ion transport in a fluid
guantitatively those interactions is through fluid velocity di- subject to an electric field. It is shown theoretically that,
rection measurements. In this way, the relative weight ofunder galvanostatic conditions, while the gravity Grashof
gravity to electroconvection can be determined. The study ofiumber remains constant, the electric Grashof number in-
the relative weight of electroconvection against gravitocon-creases with viscosity. This fact demonstrates that electric
vection in ECD is relevant because it determines the flowforces increase relative to gravity ones as viscosity increases,
regime and thus ion transport and growth morphology. Onghus motivating the present work. In this paper we study
way to analyze this problem is through variations in cellthrough experiments, theory and computational modeling,
thickness[15,22; an alternative shown below, is through the relative importance of gravitoconvection vis-a-vis elec-
electrolyte viscosity variations. The former was addressed itroconvection in ECD. The transition from gravity to electro-
the works of Huthet al. [15], and Marshallet al. [22]. In  convective prevailing regimes is analyzed through variations
Ref.[22], a theoretical analysis was performed in which theof electrolyte viscosity at constant cell thickness and under
equations describing ECD are written in terms of dimensiongalvanostatic conditions. In particular we measure fluid ve-
less quantities. In particular the gravity Grashof Gg and thdocities by means of particle image velocimetB1V) using
electric Grashof Ge numbers represent the relative strengtimicron sized particles. Viscosity variations are achieved by
of the electric and gravity forces, respectively. The ratiomeans of glycerol addition. The distribution of velocity di-
A= Gg/Ge was introduced to express the importance ofections at the deposit front is a measure of the relative
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TABLE |. Definitions and values of experimental dimensionless numbers.

Number Definition Vo 1.3vg 1.8vq 2.5vg 3.8vg
Migration Mc=uc®q/Xouq 0.66 0.66 0.66 0.66 0.66
M= ua®o /XU 1.0 1.0 1.0 1.0 1.0
Peclet Pe=Xquqy/D¢ 18 23 31 44 66
Pey=XoUg /DA 12 15 21 29 43
Poisson Po=x3Coel edq 18x10° 15x 10° 11x10° 8.9x10°  6.5x1C°
Reynolds Re=XoUo /v 12x10°% 9.7x10°% 7.3x10% 53x10° 3.7x10°3
Froude Fr=u3/xqg 1.3x10°7 1.3x10 7 1.3x107 1.3x107 1.3x10°’

Electric Grashof Ge=eCy®o/pouj  2.3X10'2  3.0x102 3.9x10? 54x102 7.9x10%
Gravity Grashof Gge=x,Cogac/ui  4.7x10°  4.7x10*  47x10*  4.7x10*  4.7x10
Gga=%,Cogan/ui 7.1x10* 7.1x10* 7.1x10* 7.1x10*0  7.1x10°

weight of electroconvection versus gravitoconvection, a sigduces to a pair of vortex rolls. The phenomenological model
nature of that transition. The remainder of the paper is orgadiscussed above can be described using the Nernst-Planck
nized as follows. In the following section we examine theequations for transport of iorj24—26, the Poisson equation
theoretical model describing ECD. Experimental setup andor the electric potential, and the Navier-Stokes equations for
results are presented in Secs. lll and IV. Section V addresseke fluid flow. This model is an extension of the models
the computational modeling results. The final section drawsntroduced by Marshallet al. [22,27. The dimensionless

some general conclusions. system of equations is
dC; ,
Il. THEORETICAL ANALYSIS 7=—V-Ji (H)

In a typical experiment, when the circuit is closed the
current starts flowing through the electrolyte: cations and 1
anions move towards the cathode and anode, respectively. Ji=—MCiVe— P—E}VCiJFCiV 2
Because of ion depletion near the cathddation aggrega-
tion and anion migrationand ion enhancement near the an-
ode (anions piling up and cations entering through the dis- V2¢:P02 z.C; 3
solving anodg in an initial period—that is, before any i
growth is visible in the cathode—zones with low concentra-
tion near the cathode and high concentration near the anode gy 1
develop rapidly. These are separated by an initial concentra- — +V-Vv=—-VP+ R—eV2V+
tion value zone. Near the cathode the density is lower than
the bulk electrolyte, while at the anode it is higher. This
unstable configuration generates a density current flow at +EGeY, 7C; (4)
both electrodes: at the cathode the fluid ascends towards the '
top confining plate and at the anode descends towards the
bottom. They generate two vortex tubes or rolls moving in V.v=0 ®
opposite direction$14,15. During this initial period cation
depletion at the cathode is supposed to be uniform. Simulta- Here C; andj; are the dimensionless concentration and
neously, in a very narrow region near the cathode a locaflux of an ionic species (for a ternary electrolyte such as
charge develops due to ionic depletion, giving rise to CouZnSQ,/H,SO,, i=C, A, andH, standing for zinc, sulphate,
lombic forces initially pointing towards the cathode. After and hydrogen ionsv, ¢, P, andE are the dimensionless
the initial period, which typically last few seconds, an insta-fluid velocity, electrostatic potential, pressure, and electric
bility develops by which the branched deposit growth is trig-field, respectivelyg/g is a unit vector pointing in the direc-
gered. Imaging the deposit as a three-dimensional array dfon of gravity. The dimensionless numbers are defined in
thin porous metallic filaments, Coulombic forces concentratélable | (for details, se¢23]). In Ref.[23] the quantities;
at their tips according to a model developed in Ré6];  w;, andD; are, respectively, the number of charges per ion,
each filament allows fluid to penetrate its tip and be ejectednobility, and diffusion constants of an ionic species u;
from the sides, configuring a toroidal vortex ring driven by and z; are signed quantities, being positive for cations and
the electric force. In the quasiplane of the growth, the previnegative for anionsy is the dimensional gravitational accel-
ous three-dimensional picture reduces to the pair of counteeration;e is the electronic charge, is the permittivity of the
rotating vortices and arcs at the tips of each filament as denedium andv is the kinematic viscosityxq, Uy, ®¢, Co,
scribed by several authofg—13,16; in the plane normal to and p, are reference values of the length, velocity, electro-
both, the quasiplane of the growth and the electrodes, it restatic potential, concentration, and fluid density, respectively.
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cch employed. They correspond to increases in viscosity from 0
. to 3.75 vq, respectively, wherey, is the viscosity of pure
water. Zinc wire electrodes were placed at the two ends of
the cell with a separatioh =15 mm; their thicknes$0.50
mm) defined the thickness of the cell. The cell width was
M w=25 mm. Experiments were performed under galvano-
static conditions.
The optical setup is similar to that described in ReB].
The image is viewed with a charge-coupled devi€&D)
video camera with a 50 mnfi/1.4 camera lens. For fluid
tracking, latex spheres of 0,8m diameter were added to the
electrolyte as flow visualization particles. To observe them, a
Navitar long working distance microscog®l) was used.
Video images were digitized and saved to disk at up to 10
frames/s with a spatial resolution of up to8n/pixel. A
public domain software packade8], was used for image
capturing and processing. Image processing techniques
FIG. 1. Schematic diagram of the experimental system for parwhere employed to enhance particle detection. A PIV algo-
ticle tracking. S light source;M, Navitar long working distance rithm was employed for trajectories detection and velocity
microscope; CCD, video camera. computations.

For system closure, a Boussinesqg-like approximation has

been used for the fluid densitg=p,(1+3;a;AC;), where V. EXPERIMENTAL RESULTS

;= 1/po&p/c9Ci . _ ~Inthe following set of experiments we show the influence
Numerical solutions to these equations are presented i6f viscosity on the deposit morphology and convection re-
the numerical simulation section. gime. These experiments are governed by a set of dimension-

less numbers presented in Table I. They show that increasing
viscosity under galvanostatic conditions decreases the ratio
\. Figure 2 shows the evolution of the deposit growth, for the
Figure 1 shows a typical cell used in our ECD experi-first 30 s, in a cell withd=0.50 mm under galvanostatic
ments. It consists of a thin layer of unsupported electrolyteconditions (=10 mA) when viscosity is increased. The
confined between two parallel glass plates. The electrolyteows correspond to different values of glycerol concentra-
solution was 0.1 M ZnSO4. To increase viscosity, solutiongion. From top to bottom: 0%, 10%, 20%, 30%, and 40%,
with glycerol additions between 0% and 40% in weight wererespectively. Each column shows snapshots at different times

IIl. EXPERIMENTAL SETUP
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FIG. 2. Snapshots of the de-
s, : oo e it L ol gt posit growth for different viscosi-
o T RNNRTRY. - %X . e -._;.; e B s ties (0.50 mm and 10 mA Each

—— T e e e T et column corresponds to a different
time; from left to right: t= 0, 6,
12, 18 and 24 s. In each column,
each frame corresponds to differ-
ent glycerol concentrations; from
top to bottom: 0%, 10%, 20%,
30% and 40%, respectively.
Frame dimensions: 1.53 mm wide
and 1.17 mm in height.
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FIG. 3. Top view cell visual-
ization of 1 um sized particle
trajectories near the deposit front.
To show the motion of tracer par-
ticles, in each frame, several digi-
tal imagegqspanning an interval of
10 9 were superimposed and
thresholded. From left to right,
each column represents a different
time interval: left, 0—10 s; center,
10-20 s; right, 20—30 s. From top
down, each row corresponds to a
different value of glycerol concen-
tration: 0%, 10%, 20%, 30%, and
40%, respectively. Frame dimen-
sions: 1.53 mm wide and 1.17 mm
in height.

(time increasing from left to right At the scales shown in flow, with long, continuous trajectories; aflo) a steady state
the pictures(time scale: the first 30 s, spatial scale 1 mm region in which a Brownian motion is observed, with very
the deposit varies from compact to dendritic, as viscosityshort trajectories. In the convection dominated zone, we can
increases. This variation is reversed at longer times andistinguish gravity driven convection dominated flgpar-
larger spatial scale@s observed in Ref23]), in which few ticle trajectories, entrained in a vortex tube with an horizon-
branches survive at low viscosities, while a more compactal axis, are projected as lines in the plane of the cell, moving
structure emerges at higher viscosities. Now we analyze thepwards near the deposit front and downwards in the zone
pattern of convective motion by particle tracking. Figure 3limit) and electroconvection dominated fldparticle trajec-
shows a top view of the cell, near the deposit front, visualtories entrained in a toroidal vortex ring centered at a tip
izing the fluid flow through particle trajectories. Here, the branch are projected as a circle in the plane of the).ckil

cell was 0.50 mm thick, 25 mm wide and subject to a con-the top two rows, gravitoconvection prevails as revealed by
stant current=10 mA. Several digital images spanning an the linear trajectories, while in the remaining rows, due to an
interval of 10 s(left column, 0-10 s; center column, 10—20 s; increase in viscosity, the gravitoconvection is attenuated and
right column, 20-30 sare superimposed and thresholded toelectroconvection prevails as shown by the near circular tra-
show the motion of the tracer particles. From top down injectories. In the bottom frames the increase of viscosity pro-
each column, each frame represents a different value of glyaduces a substantial damping of convection. It is also ob-
erol concentration: 0%, 10%, 20%, 30%, andv@, respec- served that convection takes longer time to establish itself in
tively, yielding viscosities fromuq to 3.8 ug, respectively, electroconvective regimes than in gravitoconvective ones
whereu is the water viscosity. In almost all the frames, two (compare, for instance, first and last rows of Fig. Bhe
regions are observe(h) a zone with a convection dominated relative importance of gravitoconvection and electroconvec-
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tion can be assessed measuring the velocity direction: in puthere are almost no circular trajectories visible. This effect is
gravitoconvection regimes a top view of the cell will show due to the inability of the tracking algorithm to cope with the
the projection of the vortex tube trajectories as lines normathree-dimensional3D) nature of particles motion and field
to the cathode, while in pure electroconvection regimes a togepth effects. In fact, theoretical considerations predict that
view will show circular trajectories. Thus, Fig. 4 shows the electroconvective motion should increase with viscosity due
distribution of particle directiongin the 10-20 s interval to the voltage increase as viscosity increases.
obtained by the tracking algorithm, for different angles.
Here, a 0 ° angle means motion parallel to the cathode. It is
seen in Fig. &) that for 0% glycerol the dominant direction
is perpendicular to the electrode, indicating a gravitoconvec- The three-dimensional model presented in Sec. Il is
tive dominant regime. As viscosity is increased, Fi@40r  treated as a set of two bidimensional models in a horizontal
40% glycerol the parallel and normal direction have similargng a vertical plane, respectivel}z2,27. The horizontal
weight, revealing a circular motion, and thus electroconvecpjane model constitutes what we call the top view model
tive prevailing conditions. o while the vertical plane model constitutes the side view
Considering the values of velocity, Fig. 5 shows averagegnodel. The top view model is invariant under gravity forces
of the normal (v,)) and parallel (v)) velocity compo-  (gravity is normal to the plane of the celin the side view
nents, and of the absolute value of velocify)), as a func-  model, electric and gravity forces are coplanar. The compu-
tion of viscosity. We observe a decrease in the absolute valugtional model solves the previous systems, for each time

as expected. The normal component decreases as Viscoséiep, in a fixed domain, in a 2D uniform latti¢equal spac-
increases, while the parallel one remains approximately con-

stant. This corresponds to a decrease of gravitoconvection —————T—T———

V. NUMERICAL SIMULATIONS

relative to electroconvectiofthis is further elaborated in Fig. 3s.0r ° o Absolute value

6, below). To estimate the average gravitoconvectiyed)) o Parallel component
and electroconvective( ¢g)) vortex speeds, we assume that 300 & 4 Normal componenty
the normal and parallel components, measured from their —~as0l A ]
projection on the cell plane, are related to the former by ‘v °

(v))=(vg), and(v,)=(vg)+(vg). This is based upon the ézo.o- o |
fact that, since we are measuring on a projection on the plane g 9

of the cell, the electroconvective motion is seen as a circular 15.0F o o s
motion (vg,, )=(vg,)) whereas the gravitoconvective mo- ° o o
tion is seen as a ling( ¢ ) =0). Figure 6 shows the results 10.0- 1
for (vg) and(vg) as a function of viscosity. We observe a 10 15 20 25 30 35 40
crossover at about 15 corresponding to a transition be- Wi,

tween gravitoconvection and electroconvection. It is ob-
served that vg) in Fig. 6 appears to be approximately inde-  FIG. 5. Average velocities: Absolute value, parallel and normal
pendent of viscosity, whereas in Fig. 3, for 0% glycerol,componentgreferred to the cathodleas a function of viscosity.
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FIG. 6. Average values of the experimental electroconvective T ) { T )
and gravitoconvective velocities as a function of viscosity. 40 s o
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ing in both directionsusing finite differences and determin- - e e s - e e -
istic relaxation technique&etails can be found if22] and 100 150 200 250 300
[27]. The interface is moved at random using a dielectrical X
breakdown mode]29].
In the following we present numerical results obtained b)
with the side and top view models in the simulation of ECD
experimentsa growthless process is asuméad which the L2 e e B B L R R
relative importance of gravitoconvection as compared to 180l : : : : : : : : : : : : : : : : : : :
electroconvection is analyzed, through viscosity variations. o s
This pretends to mimic the physical experiments presented in 160F 4 4 v 0 4 4 4 R
the preceding section. The simulations are described by the T R T A
140F ' [ ]
ol

number is not present in the transport-vorticity form of the
equations used in the simulation¥he values of the Poisson
and electric Grashof numbers differ from typical experiments
(compare Tables Il and.| This is due to numerical limita-
tions: higher values of those numbers imply steeper gradients
in the solution, thus requiring finer grids and consequently,
large computational facilities. The computational model is
written in the C language and implemented on a Pentium
class computer under Linux. The side view model uses a
rectangular cell of 808 25 nodes for different values of the
dimensionless numbers, while the top view model uses a
rectangular cell of 408 200 nodes for the same set of the
dimensionless numbers.

Figures 7 and 8 present top and side view model results,
respectively, in an earlier stage of the simulation for different

120

100}

80

401 %

60

201

FIG. 7. Top view simulationgin a region near the cathogdor
an earlier stage of the simulation, f¢g) 0% and(b) 40% glycerol.

TABLE Il. Values of the numerical dimensionless numbers.

Symbol Vo 1.3y, 1.8y, 2.5v, 3.8y,
Mc 0.66 0.66 0.66 0.66 0.66
Ma 1.0 1.0 1.0 1.0 1.0
Pe 18 23 31 44 66
Pe, 12 15 21 29 44
Po 50107 4.7x10% 3.7x10% 2.9x10% 2.0x1C?
Re  12x10°3 9.7x10°3 7.4x10°3 53x10°3 3.7x10°3
Ge 1.0x10* 1.6x10"0 2.2x10" 2.9x10° 3.4x10°
Gge 1.0x10* 1.0x10* 1.0x10* 1.0x10*® 1.0x10%
Ggn 1.0x10* 1.0x10* 1.0x10* 1.0x10* 1.0x10%

Superimposed contour lines of the stream function and cation con-
centration and the electric vector field are shown.

values of viscosity, and for an enlarged region near the cath-
ode. They show superimposed, stream function and cation
concentration contour lines, and the electric field. Also

shown in Fig. 7 are the spikes introduced to simulate the
deposit growth. These pictures show vividly the existence of
electric dipoles, concentration fronts and vortex rolls. In Fig.

7 the electric vector field reveals its convergence to the de-
posit tips. Here the motion is restricted to the zone near the
cathode. Figure 9 shows, in circles, the average gravitocon-
vective velocity and, in squares, the electroconvective vortex
velocity, as a function of viscosity under galvanostatic con-

ditions. For averaging velocities, we used the region near the
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FIG. 8. Side view simulationgn a region near the cathogdéor FIG. 9. Dimensionless average values of the simulated electro-

an earlier stage of the simulation, f¢a) 0% and(b) 40% glycerol.  convective(squaresand gravitoconvectivécircles velocities as a
Superimposed contour lines of the stream function and cation confynction of viscosity.

centration are shown.

In these models, as in the experiments, we compute average
cathode or the deposit front, where motion is observed. Theelocities to study the transition from gravitoconvective to
averaged gravitoconvective velocity decreases with viscositglectroconvective regimegthrough viscosity variations
as expected, similar to what happens with {he) values These results are depicted in Figs. 7 and 8. Their analysis
obtained from experiments. The averaged electroconvectivehow the same trends as in the experiments: electroconvec-
velocity increases, because an increase in viscosity undeive vortices in Fig. Tb) are larger than those of Fig(&/,
galvanostatic conditions, produces an increase in voltag&lue to the electric field increase caused by higher viscosity.
This is in qualitative agreement with the results of Fig. 3.The figure shows arcs of concentration contour lines, sur-
The experimental electroconvective velodiBig. 6) appears rounding each tip, containing the vortex dipole associated
to be constant, due to the algorithm shortcomings alreadwith that tip, and two limiting zones: an inner zone almost
mentioned. In summary, the numerical results show thatlepleted of ions, and an outer zone that rapidly reaches the
when viscosity increases, velocities in the top view modebulk concentration value. This has been experimentally ob-
are larger than those in the side view model. Contrarilyserved by many authof§11-13,16,19,21,30. In Fig. 8, the
when viscosity decreases, velocities in the side view modedlowing down of convective motion due to viscosity increase

are larger than in the top view model. is clearly seen. Also, at a higher viscositlyig. 8b)] the
concentration gradients are steeper due to a decrease in dif-
VI. DISCUSSION fusion. These predictions are confirmed by present and pre-

vious experimental resulf23]. In summary, the simulations

The observable for analyzing the transition from gravity show that when viscosity increases, velocities in the top view
to electroconvective prevailing regimes in ECD is the distri-model are larger than those in the side view model; when
bution of fluid velocity directions near the deposit front. Its viscosity decreases, the situation is reversed. This is con-
measurement shows that by increasing the viscosity the irdensed in Fig. 9, where a transition is found at abeout
tensity of gravitoconvective motion decreases, while electro=2y, , in a remarkable agreement with the experiments,
convective motion becomes relatively stronger. Under galwhich revealed a transition near 15 Concluding, our ve-
vanostatic conditions, as viscosity increases, the electric fieltbcity measurements allow a quantitative assessment of the
and the electric forces increase, yielding the observed inviscosity influence over convective motion. It is found that in
crease of electroconvection with viscosity. A transition froma physicochemical hydrodynamic flow involving ions, under
gravitoconvective to electroconvective regime is observed agalvanostatic conditions, increasing viscosity damps gravito-
aboutv=1.5r4. Our theoretical model predicts, through the convection and enhances electroconvection through electric
analysis of the dimensionless numbésse Table), that in-  field increase. These experimental results are interpreted in
creasing viscosity diffusion and convection slow down, asterms of the top view and side view theoretical-
shown by the variations of Pe and Re. Migration is invariantcomputational models. These models simulate the limiting
in the present conditionsM values are constantbecause cases of electrical driven or gravity driven convection pre-
the electric field is increased to keep the current constaniailing regimes, respectively, as follows. The top view model
This electric field increase yields larger Ge valdbgher  describes adequately the experiments for high glycerol con-
electric forcey too. On the other hand, the Gg are constanttents (high viscosity, an electroconvective prevailing re-
due to the fact that constant current yields equal density gregime, while the side view model describes the 0% glycerol
dients and thus constant buoyant forces. Therefore, increaexperiments, a gravitoconvective regime. Thus, our
ing viscosity under galvanostatic conditions decreases ththeoretical-computational model is able to predict the main
ratio A. Our two-dimensional numerical modétep and side features of electrohydrodynamic flows, including the transi-
view model$ are used to analyze the experimental behaviortion from gravitoconvective to electroconvective regimes.
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