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Electrochemical Deposition (ECD) in thin cells in a vertical position relative to gravity (cathode above
anode) yields a growth pattern formation with a uniform front. However, detailed analysis of front evo-
lution reveals a complex competition between neighboring branches leading to a locally fluctuating
growth. We study these fluctuations through experiments and theory. Experiments reveal that the uni-
form dendrite front is due to an acceleration and deceleration of the leading branches, the latter resulting
from the building of a stable stratified flow at their tips. Theory predicts local electrohydrodynamic fluc-
tuations near the dendrite tips amid a global stable stratified flow. Dendrite tips are surrounded by arches
joining neighboring tips, separating depleted and constant concentration solution zones; the arches
shape is the result of electro and gravitoconvective driven vortex rings. The simulated growth of a single
tip exhibits the formation of a mushroom-like shape which is consistent with experimental observations.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

In thin-layer cell Electrochemical Deposition (ECD) experiments
[1–26] dendrite growth is accompanied by a complex physico-
chemical hydrodynamic ion transport process. Ion transport is
mainly governed by diffusion, migration and convection, and con-
vection is mostly driven by coulombic forces due to local electric
charges and by buoyancy forces due to concentration gradients
that lead to density gradients.

Convection certainly increases ECD complexity and it is natural
to try to reduce its influence [27,28,12,13,29,30,22] ECD in a cell in
a vertical position relative to gravity and with the cathode above
the anode is often used as an example of a convection reduced
ion transport regime. This problem was analyzed in Huth et al.
[12]; these authors found that the invasion of the cell by the
gravity induced rolls can be avoided while electroconvection
remains. In this configuration, a stratified flow emerges and no
gravitoconvection is present as long as no growth appears. Accord-
ing to these authors, when growth appears horizontal concentra-
tion gradients drive convection near the growing tips of the
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dendrites, a competition emerges in which convective motion
feeds branches lagging behind until they catch up with the leader;
convection inhibits competition between branches, leading to a
uniform front rather than a hierarchy of branch sizes as seen in
horizontal cells [12]. This is illustrated in Fig. 1, reproduced from
Dengra [24], showing two schlieren images of a dendrite deposit
growing from the cathode towards the anode (dark pixels) and
the corresponding concentration fronts (bright pixels). Fig. 1a with
a rather uniform front corresponds to a cell in the vertical position
(top cathode), while Fig. 1b with a hierarchy of branch sizes corre-
sponds to a cell in the horizontal position (left cathode).

Since the only change in the experiments of Fig. 1, is the direc-
tion of gravity relative to the electric force (which remains invari-
ant relative to cell position), no doubt gravity is the main cause of
the difference growth behavior between both experiments. How-
ever, gravity acts in a subtle interplay with electric forces and
electrochemical reactions revealing complex pathways that need
to be unveiled for understanding the balancing mechanisms giv-
ing rise to smooth dendrite fronts. We carry out this analysis
by means of extensive experimental measurements and the
introduction of a theoretical 3D model with a new aggregation
model.

The plan of the paper is the following. Section 2 shows the
experimental setup, the phenomenological model and experimen-
tal results are introduced in Sections 3. Section 4 presents the
theoretical model and numerical simulations. Finally, Section 5
draws some general conclusions.
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 1. Schlieren images of ECD where copper sulfate solution concentration is 0.5 mol/l, the cell width is 0.2 mm and the applied constant voltage is 15 V.
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2. Experimental

The cell consists of a thin layer of unsupported electrolyte con-
fined between two parallel glass plates. The electrolyte solution
was 0.05–0.3 mol/l CuSO4. To increase viscosity, for some experi-
ments, a solution with a glycerol addition of 30% in weight was
employed. Copper plate electrodes were placed at the two ends
of the cell with a separation L = 10 mm; their thickness (0.127–
0.2 mm) defined the thickness, d, of the cell. The cell width was
w = 70 mm. The schlieren method was used to observe electrolyte
concentration gradients. The optical setup is similar to that de-
scribed in Marshall et al. [31].

For fluid tracking, latex spheres 0.9 lm in diameter were added
to the electrolyte as flow visualization particles. To observe them, a
Navitar long working distance microscope was used. Video images
were digitized and saved to disk at up to 10 frames/s with spatial
resolution of up to 3.5 lm/pixel (a public domain software package
[32] was used for image capturing and processing).
3. Results

Fig. 2 presents schlieren snapshots of ECD in a vertically ori-
ented cell showing the evolution of the deposit front and the
cathodic and anodic concentration fronts. The deposit front looks
rather smooth in the average, dendrite tips surrounded by tenuous
concentration arches joining neighboring tips. The shape of the ar-
ches is the result of electroconvection and local gravitoconvection.

We next analyze the nature of this quasi-stable growth. Fig. 3
presents an enlarged image of a small section of a dendrite front
showing the fluctuating growth evolution of a branch and its
neighbors. Once a branch is detached from its neighbors (Fig. 3a
left branch), its tip enlarges adopting the shape of an inverted
mushroom; the process progresses until the leading branch levels
with the lagging branches, as can be seen in Fig. 3d. Fig. 3e shows
the birth of newer leading branches. The sequence repeats itself,
however no hierarchical branching develops and the front remains
globally uniform with local fluctuations.

We will show that the fluctuating growth is produced by the
acceleration and deceleration of the leading branch, the latter
Fig. 2. Schlieren images of ECD in a vertical oriented cell at (a) 80 s, (b) 160 s, (c) 240 s and
70 � 10 � 0.2 mm3 and the applied constant current is 7.5 mA.
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being produced as a result of the presence of a stratified flow in
its front.

To understand the nature of this quasi equilibrium growth we
analyze the interplay of electric and gravity forces mediated by this
complex electrohydrodynamic process. For this, we need to intro-
duce the macroscopic phenomenological model describing ECD in
a cell in a vertical position with the cathode above the anode. Nat-
urally, the model has many features in common with ECD in a cell
in an horizontal position. When the circuit is closed, current starts
flowing through the cell and ion concentration boundary layers de-
velop near each electrode. At the anode the concentration is in-
creased above its initial level due to the transport of anions
towards, and the dissolution of metal ions from the anode.

At the cathode, the ion concentration is decreased as metal ions
are reduced and deposited out and anions drift away. These con-
centration variations lead to density variations, and therefore to
concentration fronts at the electrodes. In this configuration the
high density fluid is below the low density fluid, hence a stable
stratified flow emerges in which gravitoconvection is suppressed.
Stratification remains stable as long as there is no growth of
dendrites.

During this initial period, ion transport is mainly diffusive and
migratory and cation depletion at the cathode is expected to be
uniform. Consequently, in a very narrow region near the cathode
a local uniform charge develops, giving rise to local electric forces
initially pointing towards the cathode. After a few seconds, an
instability develops, triggering the growth of a deposit at the
cathode.

The deposit develops as a three-dimensional (3D) array of thin
porous metallic filaments. Electric forces concentrate at the tips;
each porous filament allows fluid to penetrate its tip and to be
ejected from the sides, forming a vortex ring driven by the electric
force. But, as soon as dendrites appears, stratification breaks down
because the fluid concentration surrounding a downward growing
dendrite tip diminishes, creating an horizontal concentration gra-
dient and thus, locally gravitoconvection. Clearly, the presence of
dendrites generates a vortex tube driven by gravity which adds
to the vortex ring driven by local electric charges. In spite of this
local breaking of symmetry, at nude eye, the deposit front looks
smooth rather than with a hierarchy of branch sizes.
(d) 320 s. Copper sulfate solution concentration is 0.1 mol/l, the cell dimensions are
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Fig. 3. Enlarged schlieren images of ECD in a vertically oriented cell at (a) 160 s, (b) 185 s, (c) 200 s, (d) 250 s, (e) 300 s and (f) 325 s showing the growth fluctuation. Copper
sulfate solution concentration is 0.1 mol/l, the cell dimensions are 70 � 10 � 0.2 mm3 and the applied constant current is 7.5 mA.
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Fig. 5. Front tracking of the three selected branches of experiment A from Fig. 4.
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Fig. 4 shows three sequences of experiments of ECD in vertical
cell with the cathode above the anode: A, B, and C. Each sequence
with increasing value of the concentration and electric currents,
shows the time evolution of the dendrite growth. In all the exper-
iments we observe a relatively uniform dendrite front and when a
leading branch succeeds in detaching from its neighbors, it en-
larges and slows down until it levels with the rest, that conserve
a constant speed. This is proven in Fig. 5 that presents the front
tracking of the three numbered branches from experiment A from
Fig. 4. Fig. 5 shows that the leading branch first accelerates and
then decelerates allowing neighboring branches to level with the
leader.

Clearly, neighboring branches maintain a constant speed, it is
the leading branch that fluctuates in its growth velocity. This is va-
lid for all the concentrations analyzed.

Thus, to complete the phenomenological model under galvano-
static conditions, the following explanation is advanced. Due to an
instability produced by the appearance of local electric charges at a
certain branch, the local electric field at the tip of that branch in-
creases, accelerating and detaching the branch from its neighbors.
Fig. 4. Schlieren images of ECD in a vertically oriented cell at 80 s, 160 s, 240 s, 320 s, an
I = 2 mA, initial voltage: 15.6 V; (B) 0.1 mol/l copper sulphate with 30% glycerol added, I =
I = 5 mA, initial voltage: 9.4 V (copper electrodes separation: 1 cm, thickness: 0.127 cm)

Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
This happens when the local electric field in front of a lagging
branch increases due to a sudden decrease in the concentration
d 400 s (from left to right): (A) 0.05 mol/l copper sulphate with 30% glycerol added,
2 mA, initial voltage: 6.2 V; (C) 0.3 mol/l copper sulphate with 30% glycerol added,

.
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level and shots the branch to the front. During the leading branch
detachment and acceleration, lateral concentration gradients sur-
rounding the leading branch develop yielding a buoyancy force;
this force is proportional to the length of the leading branch
detachment from its neighbors. Though electric forces and gravity
forces have the same direction and opposite sign, electric forces
and buoyancy forces have the same sign, thus electrically driven
vortex rings and gravity driven vortex tubes rotate in the same
direction adding their strengths. Every further detachment of the
leading branch due to the electric force give rise to a larger buoy-
ancy force that increase the vortex tube relative to the vortex ring.
The net result of this competition is an upwards motion of the
combined vortex centroid. Growth fluctuates according to the time
scales imposed by electric and gravity forces, in which the former
is the fastest one. There is another phenomenon modifying the
growth pattern. During branch detachment from its neighbors,
the leading branch encounters a region of higher concentration
(stratified flow) surrounding its front and sides which has two ef-
fects: a decreasing of the local electric field and an increase of the
aggregation at its sides giving rise to a mushroom-like shape (elec-
tric field lines converge radially to the leading branch tip); in turn,
this mushroom effect further decreases the local electric field at
the tip due to local charge spread. These combined effects deceler-
ate the leading branch until it levels with the lagging branches that
kept a constant speed.

In general, as shown in Fig. 4 branch fluctuation decreases
with higher concentrations. A possible cause of this is that the
electric field decreases with higher concentrations, and thus front
velocity that is proportional to the electric field. The net effect is
more damped fluctuations of the local flow (gravito and electro-
convective) and dendrite growth, thus a more uniform deposit
front.

To show that the fluctuating mechanism is robust regardless of
the initial front configuration, this is to say, that the front remains
uniform once the effect of the initial perturbation dies away, we
present a comparison of two identical experiments in Figs. 6 and
7, except that in the former there is a single spike in an otherwise
flat cathode. In both experiments schlieren snapshots of dendrite
growth are presented. Focusing on the zone where the spike is lo-
cated (whether with or without spike), the leading branch velocity
(in Fig. 6) remains smaller than the velocity of its neighbors until
the leading branch levels with them. Again, the main cause of this
behavior is that the leader encounters a higher concentration solu-
tion and thus a weaker local electric field. Fig. 7 shows that without
the presence of the spike, the front remains uniform and similar to
that of Fig. 6 when sufficiently time has elapsed and spike pertur-
bation faded.

In both cases the front advances at the same speed once the lea-
der branch levels with its neighbors. The front velocity on the spike
zone is the same in both experiments and smaller than in the rest
of the deposit front. In the spike zone the front adopts an inverted
mushroom shape.

To study in detail the behavior in a zone near a single spike,
such as the one in Fig. 6, or a small detachment (fluctuation) of a
branch from its neighbors as the one in Fig. 3, we present in
Fig. 8 an ECD experiment in a vertical cell in which the single spike
or the leading branch is mimicked by a small spike in an otherwise
flat cathode. Fig. 8 shows nine frames in lexicographic ordering of
the evolution of the growth and the hydrodynamics surrounding
the spike. Here convection is visualized using micron sized tracer
particles; 100 snapshots (a 10 s interval) are superimposed in each
frame to show motion. The resulting motion is the effect of the
superposition of two pairs of counter-rotating vortices due to local
buoyancy and electric forces, and its coupling with the growth pro-
cess. As clearly seen the flow pattern determines the lateral growth
and in turn, the latter influences vortex formation.
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
4. Theoretical analysis and numerical simulations

Ion transport in thin-layer ECD can be described with a mathe-
matical model based on first principles [33–36], including the
Nernst–Planck equations for ion transport, the Poisson equation
for the electric potential, and the Navier–Stokes equations for the
fluid flow. The 3D dimensionless system of equations can be writ-
ten as

@Ci
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¼ �r � ji ð1Þ

ji ¼ �MiCir/� 1
Pei
rCi þ Civ ð2Þ

r2/ ¼ Po
X

i
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Here Ci and ji are the dimensionless concentration and flux of an io-
nic species i (for a ternary electrolyte such as ZnSO4/H2SO4, i = C, A
and H, standing for zinc, sulphate and hydrogen ions); v, /, f and W
are the dimensionless fluid velocity, electrostatic potential, vorticity
vector and velocity potential vector, respectively; g/g is a unit vec-
tor pointing in the direction of gravity. The quantities Mi ¼
liU0=x0u0, Pei ¼ x0u0=Di, Po ¼ x2

0C0e=�U0, Re ¼ x0u0=m, Ge ¼ eC0U0=

q0u2
0 and Ggi

¼ x0C0gai=u2
0, stand for the dimensionless numbers

Migration, Peclet, Electric Poisson, Reynolds, Electric Grashof and
Gravity Grashof numbers, respectively. The quantities zi, li, and Di

are, respectively, the number of charges per ion, mobility and diffu-
sion constants of an ionic species i; li and zi are signed quantities,
being positive for cations and negative for anions; g is the dimen-
sional gravitational acceleration; e is the electronic charge, � is
the permittivity of the medium and m is the kinematic viscosity.
x0, u0, /0, C0, and q0 are reference values of the length, velocity, elec-
trostatic potential, concentration, and fluid density, respectively.
For system closure, a Boussinesq-like approximation has been used
for the fluid density: q = qo(1 + RiaiDCi), where ai ¼ 1

qo

@q
@Ci

.
Systems (1)–(6), with appropriate initial and boundary condi-

tions, is valid in a space–time domain defined by G = [X(t)x(0, t)],
where X is a three-dimensional region with boundary C(t); this
boundary moves with speed proportional to the norm of the flux ji.

The boundary conditions for the vorticity vector f and the veloc-
ity vector potential W are derived from the velocity boundary con-
ditions (walls are assumed impermeable). This implies that W is
normal to the boundary and that the normal derivative of its nor-
mal component is zero. For example, at x = 0, ow1/@x = w2 = w3 = 0.
This, together with no-slip condition at the walls, yields conditions
for f, for example, at x = 0, f1 = 0, f2 = �@2w2/@x2, f3 = �@2w3/@x2.
Here, we assume W = w1i + w2j + w3k and f = f1i + f2j + f3k, respec-
tively, where i, j, k are the unit vectors in the x, y and z directions.
Details of all the boundary conditions used can be found in Mallin-
son and de Vahl Davis [37,38].

The computational model solves the previous 3D system of
equations, for each time step, in a fixed or variable domain, in a
3D uniform lattice, using finite difference and deterministic relax-
ation techniques. Its solution is obtained via the system of differ-
ence equations:

Wnþ1
k ¼

X
j

ajW
n
j ð7Þ

where j represents the nearest-neighbor site of the site k; the sum-
mation ranges over all nearest-neighbor sites; Wk is a vector-valued
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 6. Schlieren snapshots of dendrite growth with a single artificial spike in an otherwise flat cathode.
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function whose components are the concentrations Ci, the electro-
static potential /, the vorticity vector f and velocity potential vector
W; and aj is a diagonal matrix whose elements contain the nonlin-
ear coefficients of the discretized equations. The resulting solution
Wnþ1

k is then used to advance the interface with a Dielectrical
Break-down Model (DBM) [39]. The interface is moved at random,
proportional to the flux of cations, i.e.,

pk ¼
jjck
jP

ijjci
j ð8Þ

where k is a nearest neighbor site to the interface, pk is the proba-
bility of selecting the nearest-neighbor site k to advance the inter-
face, the summation is over all nearest neighbor sites i to the
interface, and jck

is the flux of cations flowing from the neighbor site
k into the aggregation.

The computational model is written in the C language and
implemented on an Intel Xeon 64 dual processor dual core. Graph-
ics are done with the plotting package OpenDx [40].

To show the existence of the hydrodynamic structures underly-
ing growth in cells in horizontal and in vertical position relative to
gravity and to reveal their differences we present the following
numerical results.

Fig. 9 shows simulations for a cell in a horizontal position with
three spikes of different length to mimic hierarchical dendrite
growth. Fig. 10 shows simulations for a cell in a vertical position
with three spikes of equal length to mimic global uniform dendrite
growth. In all the simulations we assumed a binary electrolyte. A
typical cell is represented by a cubic grid of 240 � 60 � 160 nodes.
The dimensionless numbers used are: Ma = 0.625, Mc = 0.42,
Pea = 2.4, Pec = 3.6, Po = 1.9 � 102, Re = 2.5 � 10�3, Ge = 1 �
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
104, Gga = 2.0 � 104 and Ggc = 1.33 � 104. These numbers corre-
spond to the experiment presented in Fig. 1 except for the real
Poisson and Electric Grashof numbers (in the order of 1 � 108

and 1 � 1012 cm�3, respectively, see González et al. [21]), which
cannot be handled, because they produce unstable numerical
solutions.

Fig. 9 shows snapshots at 30 s, 40 s, 50 s and 60 s, of the cell in a
horizontal position. Fig. 9a shows the initial formation of the
cathodic and anodic vortex tubes evidenced by particle trajectories
released at different locations in the cell and anion concentration
shells, superimposed with cathodic and anodic cation iso-concen-
tration shells. There is a coalescence among individual rolls of adja-
cent filament tips resulting in a more uniform cathodic front. This
front is defined by dendrites and their vortex rings pushing the
front forward. Trajectories of particles released near the dendrite
tips reveal the entangled nature of flow: near the dendrite tips
the fluid is entrained by vortex rings whose basin of attraction is
the dendrite tip. However, some particles manage to escape and
are entrained by the vortex roll, finally orbiting with a helicoidal
motion. Particle trajectories also show vortex interaction among
themselves in the presence of dendrites, in an analogy with the
physical experiments from Fig. 1b. Fig. 9b shows a cross-section
of the velocity profile at mid cell, superimposed also with cathodic
and anodic cation iso-concentration shells. Trajectories reveal the
evolution of cathodic and anodic convective and concentration
fronts. In particular, they unveil how density currents generate
gravity driven rolls consisting in horizontal cylinders squeezed at
their extremes due to lateral wall effects. While the anodic roll re-
mains undisturbed, the cathodic roll is wrapped around the elec-
trode spikes. The snapshot shows the precise moment in which
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 7. Schlieren snapshots of dendrite growth on a flat cathode.
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the cathodic and anodic rolls collide and merging starts. The evolu-
tion of concentration shells follows closely the evolution of rolls
since rolls are slaved to shells.

Fig. 9c shows an isosurface of the modulus of the velocity po-
tential vector and two contours (y and z constant) at the moment
in which both fronts collided and merged into one single roll occu-
pying the whole cell. Clearly, in a horizontal cell vortexes expand
and invade the whole cell.

Fig. 9d shows the electric field lines in a plane passing through a
mid horizontal cross-section of the cell. The spheroids with the
shape of a drop surrounding the spike tips represent an iso-surface
of the modulus of the electric field. Electric field lines are almost
undisturbed and parallel except near the spikes tips to which they
converge.

Fig. 10a–d shows snapshots of the cell in a vertical position,
cathode above anode. Fig. 10a shows anion concentration isosur-
faces in the cell superimposed with particle trajectories released
in a zone near the three spikes. The figure reveals the presence of
a global stratified flow except in the zone near the spikes in which
a local convection regime exists. This convection is the result of
vortex tube and ring superposition. Vortex tube and vortex ring re-
main attached to the spike tips. Fig. 10b shows concentration shells
and velocity field in a cross-section at mid cell. Concentration
shells remain wrapped to the spike tips. Away from them there
is a stratified flow. At the bottom there is no vortex tube because
of complete flow stratification and thus, absence of gravity convec-
tion. There are clearly seen the differences between Fig. 9a and b
(horizontal case) and Fig. 10a and b (vertical case). Fig. 10c shows
concentration shells and vortex tube and rings superimposed
wrapped to the spike tips. Comparing Fig. 10c with Fig. 9c, we
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
observe that in the former the cathodic vortex tube splits in three
due to the separation among spikes. Have the spikes been closer,
the vortex would have coalesced.

Fig. 10d shows electric field lines and an iso-surface of the mod-
ulus of the electric field near the spike tips. Comparing with Fig. 9d,
reveals that both are quite similar, thus showing that gravity is the
main cause of the hydrodynamic differences observed between
horizontal and vertical cells.

To summarize the theoretical predictions of the different
behavior of ECD in cells in a vertical position (cathode above an-
ode) relative to gravity and cells in a horizontal position: a horizon-
tal cell always leads to a constrained unstable flow regime; a
vertical stable cell comprises two flows regimes: (a) in the absence
of dendrites, a globally stable stratified flow regime in which there
is no convection and the ECD process is migration and diffusion
controlled; (b) in the presence of dendrites, a quasi-stable flow re-
gime in a zone near the dendrites, in which there is local convec-
tion and the ECD process is migration, diffusion and convection
controlled; outside that region, the flow is stably stratified. In the
horizontal case, ECD always leads to a constrained unstable flow
regime, however, the orientation of the cell walls relative to grav-
ity, impedes the development of a full unstable flow; moreover, the
cathodic and anodic vortex rolls invade the whole cell, colliding
and merging into each other. In a vertical cell , vortex rolls only ex-
ist near the cathode or the deposit and remain attached to them.
There is no vortex roll at the anode due to stratification. The elec-
tric field distribution is almost the same in the horizontal and ver-
tical cells. Since the only change in both cases is the direction of
gravity relative to the electric field, clearly gravity is the main
cause of the differences in the growth and flow regimes.
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 8. Visualization of 1 lm sized particle trajectories near the cathode spike (amplified). To show the motion of tracer particles, 100 digital images were superimposed in
each frame, comprising nine frames in lexicographic ordering in the 0–90 s time interval. Copper sulfate solution concentration is 0.1 mol/l with 30% glycerol in weight, the
cell dimensions are 70 � 10 � 0.127 mm3, the applied constant current is 2 mA and the spike dimensions are 1 � 0.5 � 0.127 mm3.

Fig. 9. Snapshots of the horizontal cell simulation with three spikes at different times. (a) particle trajectories and anion concentration isosurfaces, (b) cross-section of the
velocity profile at mid cell, superimposed also with cathodic and anodic cation iso-concentration shells, (c) isosurface of the modulus of the velocity potential vector and two
contours (y and z constant), and (d) electric field lines in a plane passing through a mid horizontal cross-section of the cell.
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Fig. 10. Snapshots of the vertical cell simulation (cathode above anode) with three spikes. (a) Vortex tube and ring revealed by particle trajectories released near the three
spikes superimposed with anion isoconcentration surfaces, (b) anion isoconcentration surfaces and velocity field, (c) isosurfaces of the modulus of the vector potential near
spikes, and (d) electric field lines and isosurface of the modulus of the electric field near the spikes.
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To study the electrohydrodynamic pattern of ECD in a vertical
cell with a single spike, such as that shown in Fig. 6 or in Fig. 8
we used a cubic grid of 30 � 120 � 200 nodes. Fig. 11 shows
numerical results of ECD in a vertical cell with a single spike (en-
larged) in an otherwise flat electrode. Fig. 11a displays numerical
schlieren superimposed to concentration contours. Near the spike,
the white zone indicates the vortex tube and ring wrapped to the
spike. Fig. 11b displays a geometric form with the approximate
shape of a spherical drop (gray area turned slightly transparent)
representing an isosurface of the modulus of the electric field,
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
and a cross-section (at spike level) of the electric field lines.
Fig. 11c shows concentration shells and particles, released near
the spike, evidencing the vortex tube and ring superimposed.
Fig. 11d displays concentration shells and the velocity field. It is
observed that on most of the cell motion is suppressed and no vor-
tex tube exists at the anode. These simulations have some resem-
blance with the experiments of Fig. 6 or its analogy, Fig. 8.

To study in detail the relative strength of electrically driven vor-
tex rings and gravity driven vortex tubes in an ECD experiment in a
vertical cell with one single spike Fig. 12 shows numerical results
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 11. Flow pattern simulation near a spike in a vertical cell (cathode above anode), reproduced from Mocskos and Marshall [26].
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for a single artificial spike in an otherwise flat cathode. Fig. 12a
presents results for the case in which gravity forces prevail over
electric forces (Gravity Grashof number is larger than Electric Gras-
hof number) while Fig. 12b presents the opposite case. Fig. 12
shows a snapshot at 3.91 s of an iso-surface of the modulus of
the velocity vector potential around the spike tip superimposed
with a contour of that surface in a cross-section at mid cell. Com-
paring both plots in Fig. 12 reveals that the shape of the isosurface
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
of the modulus of the velocity vector potential is more elongated in
the z direction and slender in the left plot, while it is shorter in the
z direction and wider in the right plot, due to the prevailing condi-
tions of tube and ring, respectively. The net effect of buoyancy is to
move up the centroid of the modulus of the velocity vector poten-
tial. Fig. 13a and b shows the corresponding plots of the concentra-
tion isosurfaces at different levels superimposed with various
trajectories of tracking particles released near the spike. Again, it
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 12. Comparison between gravity dominated (a) vs. electrodominated (b) regimes. Left and right plots show isosurfaces of the modulus of the velocity vector potential and
contour lines in a plane passing trough the cell center. The color scale was selected to emphasize different intensities around the growth in both cases, notice that there is
factor of almost three between them. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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is noted here the impact of gravity in the spreading of the concen-
tration and particle trajectories.

Fig. 14a presents a numerical schlieren snapshot of ECD in a
vertical cell with three spikes in an otherwise flat cathode showing
schlieren and concentration contour lines. Again, Fig. 14a reveals
the dendrite tips wrapped by cathodic concentration arches joining
neighboring tips and separating depleted and concentrated solu-
tion zones. Such behavior is consistent with the experimental
snapshot of Fig. 14b.

Fig. 15 shows the genesis of the growth of a single branch tip (a
square spike or finger protruding from the cathode) as it grows, its
tip enlarging and splitting in the form of two inverted mushrooms,
and its interaction with the underlying vortex dynamics. These
simulations intend to mimic the growth of the ECD experiment
presented in Fig. 6 or its analogy, Fig. 8, consisting in a ECD in a ver-
tical cell with the growth of small spike in an otherwise flat cath-
ode. Numerical images show the evolution of the velocity field
superimposed with an anion isoconcentration surface, in a longitu-
dinal cross-section at the cell center. The isoconcentration surface
is taken close to the finger growth, thus indicating the growth as a
mushroom-like shape. The hydrodynamic pattern near the growth
results from a composition of the vortex tube driving by local grav-
itoconvection and the vortex ring driven by electroconvection.
Away from the cathode, there is a stratified flow with a complete
absence of convection as in the experiments.
5. Conclusions

We reported experimental measurements of ECD with a cell in
the vertical position and the cathode above the anode, and we
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
introduced a 3D theoretical macroscopic model with a stochastic
aggregation model for dendrite growth and numerical simula-
tions. Experimental measurements demonstrate that the quasi
equilibrium growth giving rise to a uniform dendrite front is
due to an acceleration and deceleration of the leading branches,
the latter resulting from the building of a stable stratified flow
at their tips. Basically, once a branch detaches from its neighbors
and accelerates due to an increase in the local electric field
becoming a leader branch, it encounters a region of higher con-
centration surrounding its front and sides which has the effect
of increasing the aggregation at the sides and giving rise to a
mushroom-like shape. This shape increases the local charge
spread, decreases the local electric field and thus decelerates
the leader branch, until it levels with lagging branches that kept
a constant speed.

Theory and simulations predict that when no growth of den-
drites is present, the flow is globally stable. When dendrites are
present the fluid concentration near a downward growing tip is
lowered thus generating a vortex tube (driven by gravitoconvec-
tion) superposed to a vortex ring (driven by electroconvection)
wrapping the dendrite tip (much as in the case of the horizontal
cell in which the dendrite tip is surrounded by gravito- and electro-
convective vortices, respectively). Local flow at the tips is the result
of vortex tube and vortex ring superposition: both have the same
sign, that is, at the tip’s left and right sides, both vortices are clock-
wise and counter clockwise, respectively. Electroconvective vorti-
ces allow fluid to penetrate at the tip and be ejected from its
sides. The region close to the anode is not affected by the growth
and remains without convection. This yields a quasi-stable flow re-
gime, i.e. the presence of local electrohydrodynamic fluctuations
near the dendrite tips amid a global stable stratified flow. The
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 13. Comparison between gravity dominated (a) vs. electrodominated (b) regimes. Left and right plots show isoconcentration surfaces (using the same color scale) and
particle trajectories released near the spike. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Simulated schlieren and concentration contour lines in the enlarged zone near the cathode with a three spike growth showing the formation of the arches separating
high and low concentration values. (b) Shows the experimental formation of these structures.
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dendrite tips are surrounded by cathodic concentration arches
joining neighboring tips separating depleted and concentration
solution zones. The shape of these arches is the result of the
Please cite this article in press as: E.E. Mocskos et al., J. Electroanal. Chem. (20
merging of electro and gravito convective driven vortex rings.
The simulated growth of a single tip exhibits the formation of a
mushroom-like shape. Such behavior is observed in experiments.
11), doi:10.1016/j.jelechem.2010.12.019
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Fig. 15. ECD in a vertical cell: simulation near the spike (enlarged): velocity field superimposed with an anion concentration surface very close to the growth at six successive
times.
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