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Abstract

Since the review by Wragg [Journal of Applied Electrochemistry, 21 (1991) 1047] of more than 15 years ago there has
been a considerable research output involving the use of combined electrochemical and flow visualisation techniques
to investigate complex flows in natural convection situations. This paper reviews recent work involving electrode
geometries and orientations such as vertical cylindrical electrodes of varying aspect ratio, down pointing and up
pointing pyramidal electrodes, down facing horizontal circular surfaces with different edge conditions, isosceles
triangular surfaces of various inclinations, long narrow upward facing linear tracks, open upward facing cavity
electrodes, upward and downward facing truncated cones, and inclined disks with either single or both sides active.
This constitutes a wide range of experimentation in which new insights into data treatment and correlation have been
obtained. We have used approaches taking account of the differing behaviours of the single sides of three dimensional
objects and computing interference factors taking account of flow interactions. Some highly successful illustrations of
data correlation for extremely complex situations are demonstrated. Flow visualisation for most of the above
mentioned situations have been obtained using schlieren photography which has provided good illustrations of flow
structure occurring at single faces of objects and in complexly interacting flows. In addition we have combined some
flow visualisation sequences with monitoring of the current-time relationships at the onset of convection to illustrate
flow development phenomena from the onset of convective instabilities to the achievement of steady state conditions.

1. Introduction

Since the review by Wragg [1] of more than 15 years ago
there has been a considerable researchoutput involving the
use of combined electrochemical and flow visualisation
techniques to investigate complex flows in natural convec-
tion situations. This type of work is pertinent to electro-
chemical processes in non-flowing liquids but also to the
simulation of heat transfer problems innatural convection.
In a number of practical and technological processes such
as drying, control of surface temperature by evaporative
cooling and the curing of material surfaces mass transfer
with simultaneous heat transfer in free convection plays a
dominant role. An important finding in this field is that a
combined Grashof number can be used to account for
thermal and concentration buoyancy forces [2].
Knowledge of free convective heat transfer and,

therefore, the prediction of heat losses from various
objects of complex geometry is very important [3] for
instance in design for heat dissipation from electronic
components [4]. Mass-transfer measurements are known
to provide good simulation of free convective heat

transfer [5]. The limiting diffusion current technique of
mass-transfer measurement is attractive as a cold
modelling method for heat transfer since the measure-
ments are usually simpler, cheaper and speedier than
direct heat transfer measurements. Moreover, it is also
easy to determine the heat transfer performance of the
individual surfaces in a complex multi-surface geometry.
To show the similarity between heat and mass transfer

only the mass-transfer flux resulting from concentration
gradients is considered in a non-reactive, two-component
system. As an example, an electrochemical system in
which species concentration differences at the electrodes
occur is shown in Figure 1. This concentration gradient in
the diffusion layer results in a density difference which
causes a buoyancy force on the fluid close to the electrode
surface within the existing body force field. If the diffusion
layer is lighter than the ambient fluid the buoyancy force
will cause an upward flow along the electrode.
This paper reviews recent work involving electrode

geometries and orientations such as vertical cylindrical
electrodes of varying aspect ratio [6], down-pointing and
up-pointing pyramidal electrodes [7–9], down-facing hor-
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izontal circular surfaceswith different edge conditions [10],
isosceles triangular surfaces of various inclinations [11,
12], long narrow upward-facing linear tracks [13], open
upward-facing cavity electrodes [14], down-pointing and
up-pointing truncated cones [15, 16], and inclined discs
with either single or both sides active [17]. This constitutes
a wide range of experimentation in which new insights into
data treatment and correlation have been obtained.

2. Mass-transfer measurement

Mass-transfer coefficients were calculated from mea-
sured limiting currents usually using the Cu deposition
reaction in H2SO4. Depending on the surface exposed
we can obtain mass-transfer coefficients for the individ-
ual surfaces, for combinations of surfaces and for the
entire surface of solid bodies having complex geometry.
An example of such an investigation is shown for the
case of truncated cones in Figure 2 [16]. The superior
mass-transfer performance of the up-facing horizontal
base is immediately apparent, especially compared with
the down-facing horizontal surface. The mass-transfer
coefficient for the conical surface initially increases with
height (from 0.2 to 1 cm) and then decreases.
The presence of the maximum can be explained as

follows. The mass-transfer coefficient for vertical sur-
faces and inclined surfaces (constant inclination)
decreases with increasing surface length because of the
increase in diffusion layer thickness. But there is another
effect which has to be taken into consideration – the
effect of inclination angle. This produces an increase in
the mass-transfer coefficient with increasing angle of
inclination of the down-facing conical surface. Thus, in
the case of constant top and bottom base diameters there
are two opposed effects on the mass transfer at the
conical surface; firstly the truncated cone height and
secondly the inclination angle. The down-facing hori-
zontal base exhibits low mass-transfer performance
which decreases for truncated cones with heights of 0.5
and 0.2 cm, though the base diameter is constant. This
can be explained by the effect of the isolated conical

surface adjacent to the horizontal base. These have
inclinations progressively approaching the horizontal
e.g. ) 63� and ) 79�, respectively. Thus the behaviour of
the down-facing conical surface approaches that of a co-
planar collared surface which has been shown [10] to
have inferior mass-transfer performance to that of a
surface with free edges. The mass-transfer coefficient for
the entire surface broadly follows the same behaviour as
for the conical surface alone. However, the values are
increased by the superior behaviour of the up-facing
horizontal base. The increase is especially apparent for
truncated cones of heights from 0.2 to 1.0 cm. As for the
conical surface alone, the entire truncated cone of 1 cm
height shows the highest mass-transfer behaviour.
It is interesting to compare themass-transfer coefficients

for total truncated cones of constant top and bottom
diameter and different orientation (Figure 3). For the
lowest cone height (2 mm) the values are almost the same
for both orientations. The reason is that a truncated cone
approaches, for very small heights, a double-sided disc, so
the effect of orientation is diminished. We can further see
that for all heights greater than 2 mm, the down-pointing
orientation exhibits better mass transfer performance,
although it contains a down-facing conical surface. The
down-facing conical surface exhibits lower mass-transfer
rate than the up-facing conical surface (see Figure 2). But
for total mass transfer the ratio of the up-facing and down-
facing horizontal surfaces is of crucial importance.

3. Overall mass-transfer correlation

3.1. Approach using Weber characteristic dimension

Sometimes it is possible with such complex geometries
to treat data using relatively simple ‘‘equivalent length’’
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terms. The most often used single characteristic dimen-
sion which takes into account the relevant dimensions of
a three-dimensional object was firstly introduced by
Weber et al. [18] and is defined by Equation (1).

Lw ¼
surface area

perimeter projected onto horizontal plane
ð1Þ

A Rayleigh number and a Sherwood number based on
this characteristic length Lw can then be defined.

RaLw
¼ GrLw

Sc ¼ gDqL3
wq

l2

l
qD

ð2Þ

ShLw
¼ kLw

D
ð3Þ

In our work the diffusivity of the Cu2+ ions was
calculated using the data of Wilke et al. [19]. Electrolyte
density and viscosity were calculated using data of
Eisenberg et al. [20]. The Dq terms were taken from [19].

The effect of migration on the copper deposition rate
was negligible [21].
Such an approach was found to be successful in the

case of vertical cavities with various height/diameter
ratios (0.22–2.8) [14] where we found the correlation

ShLw
¼ 0:559Ra0:265Lw

ð4Þ

for RaLw
in the range 2� 107 to 1.2� 1010 and Sc in the

range 2050–2300. Furthermore re-evaluation of previous
experimental data of Somerscales and Kassemi [22] also
gave excellent agreement with this equation. This ap-
proach was also successful for the correlation of mass-
transfer data from entire up-pointing truncated cones [15].
Frequently this simplification is inadequate in

describing the complexities of interaction of flow
streams originating from different surfaces of a solid
body and then interacting. An example of such behav-
iour is a down-pointing truncated cone. The mass
transfer data from entire down-pointing truncated cones
are plotted in terms of Sherwood number vs. Raleigh
number in Figure 4 using the characteristic length, Lw.
It is seen that the data from the shorter truncated cones
lie under the Weber correlation and the equation is
entirely unsuited to the overall correlation of free
convective mass transfer. This can be explained by the
presence of the combination of a down-facing horizontal
surface and a down-facing conical surface which is
responsible for the low mass transfer, especially for low
cone heights. Discrepancy with the Weber approach was
also found when correlating natural convective mass
transfer to cuboids [4], vertical cylinders with active ends
[6] and down-pointing and up-pointing pyramids [7, 8].
We have therefore resorted to using approaches taking
account of the differing behaviours of the single sides of
three-dimensional objects and computing interference
factors which take account of flow interactions.

3.2. Summation approach to correlation for entire
three-dimensional objects

By summing the mass-transfer rates from correlations for
the separate sides of an object a total mass-transfer
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Fig. 4. Correlation of total mass-transfer data from down-pointing truncated cones using the Weber characteristic dimension.
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performance can be predicted. An example of such treat-
ment is shown here for down-pointing truncated cones.
The mass-transfer rates for separate surfaces were

correlated using conical surface length (L) and the
horizontal truncated cone base diameter (d) as character-
istic lengths. The mass transfer from the whole surface
comprises mass transfer from the down-facing horizontal
base, the conical surface and the up-facing horizontal base:

ShtAt ¼ ShhdAhd þ ShcAc þ ShhuAhu ð5Þ

where Shhd, Shc and Shhu are Sherwood number for
down-facing horizontal base, conical surface and up-fac-
ing horizontal base, respectively. Introducing correla-
tions for single surfaces into Equation (5), evaluating
total (At) and separate surface areas (Ahd ¼ pd2

2=4,
Ac ¼ ðd1 þ d2ÞpL=2 and Ahu ¼ pd2

1=4) and rearranging
we obtain the resultant predicted natural convection
mass-transfer rate for down-pointing truncated cones

The behaviour predicted by Equation (6) was
compared with the mass-transfer data for truncated
cones. It was found in every case that the predicted rate
was about 5–25% higher than the actual. The flow of the
fluid around the down-facing horizontal base means
that the conical and up-facing horizontal surfaces are
exposed to solution which has already been depleted of
cupric ions. This boundary layer spillover effect causes
the overall mass transfer for a truncated cone to be
lower than that for the equivalent summed separate
surfaces. A multiplying factor, f (an interference factor),
may be introduced to Equation (6) to represent the
lower rate of mass transfer at the vertical and up-facing
horizontal surfaces. Equation (6) now becomes:

where L is the conical surface length and d1 and d2 are
the top and bottom horizontal diameters respectively

and RaL is a Rayleigh number based on the conical
surface length.
The applicability of correlating Equation (7) was

tested for a set of truncated cones of different L/d1 ratio.
The values of f were obtained for each truncated cone
from Equation (7). ShL–Sh0 has been plotted to show
the data from truncated cones of constant top to bottom
diameter ratio against U(L,d1,d2, RaL) RaL in Figure 5.
Here U(L,d1,d2, RaL) is given by

It can be seen that the data from truncated cones fit
the line representing Equation (7) well and the fit is far
better than that of the Weber correlation based on a
single characteristic length.
The summation approach was applied to other objects

such as down-facing and up-facing pyramids [7, 8] and
vertical cylinders with active ends [6]. Similarly as for
down-pointing truncated cones it was found that the

mass-transfer rate for the combination of all inclined
faces was lower than that for the single inclined surface.
The interference factor (lower than 1) takes into account
the fact that some surfaces of three-dimensional objects
are exposed to fluid which has already been depleted in
copper ions as it flows upward from the base. The
dependence of the interference factor on the aspect ratio
of the vertical cylinders (L/d), truncated cones (L/d1),
and down- and up-pointing pyramid (L/b) is shown in
Figure 6. L is either the cylindrical, conical or inclined
length, d and d1 is the diameter of the cylinder or top
base of the truncated cone, respectively, and b is side of
the pyramid base. A schematic side view of four objects
is shown in Figure 7. The dependence is very similar for

cylinders and up-pointing pyramids where the interfer-
ence factor increases with aspect ratio. This is caused by

ShL � Sh0 ¼
0:64ðd2Þ2Ra�0:03L þ 1:36ðd1 þ d2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 � 1
4 ðd1 � d2Þ2

q

þ 0:18ðd1Þ2Ra
1=12
L

� �
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Ra0:25L ð6Þ

ShL � Sh0 ¼
0:64ðd2Þ2Ra�0:03L þ f 1:36ðd1 þ d2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 � 1
4 ðd1 � d2Þ2

q

þ 0:18ðd1Þ2Ra
1=12
L

� �� �

ðd1Þ2 þ ðd2Þ2 þ 2ðd1 þ d2ÞL
Ra0:25L ð7Þ

UðL; d1; d2;RaLÞ ¼
0:64ðd2Þ2Ra�0:03L þ f 1:36ðd1 þ d2Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

L2 � 1
4 ðd1 � d2Þ2

q

þ 0:18ðd1Þ2Ra
1=12
L

� �

ðd1Þ2 þ ðd2Þ2 þ 2ðd1 þ d2ÞL

2

6

6

4

3

7

7

5

4

ð8Þ

36



the fact that the length of the surface exposed to fluid
which has already been depleted in cupric ions increases
while the size of the horizontal down-facing surface is
constant. This means that the effect of cupric ion
depletion, and thus the side interference, is much
stronger for shorter vertical (inclined) lengths. On the
other hand, for down-pointing pyramids, the interfer-
ence factor f decreases with aspect ratio. This can be
explained by the fact that the size of the up-facing
horizontal base is constant and is exposed to fluid which
has been increasingly depleted in cupric ions. This
means that the effect of interference increases as inclined
length increases.
Both these reasons for the behaviour of interference

factor are mixed in the case of down-pointing truncated

cones. For small cone heights where the difference
between down-facing horizontal and down-facing
inclined surfaces is very small due to the large inclina-
tion angle, similar behaviour to that for a down-
pointing pyramid is observed. With increasing height
the geometry of a truncated cone becomes more similar
to that of a vertical cylinder and this results in the
observed dependence of the interference factor.

4. Flow visualisation

Flow visualisation for most of the above-mentioned
situations has been obtained using Schlieren photogra-
phy which has provided some fascinating illustrations of
flow structure occurring at single faces of objects and in
complexly interacting flows. In addition, we have
combined some flow visualisation sequences with mon-
itoring of the current–time relationships at the onset of
convection to illustrate flow development phenomena
from the onset of convective instabilities to the achieve-
ment of steady-state conditions.
Vertical cavities, down-facing truncated cones and

double-sided discs have been studied by this tech-
nique. As a first example photographs and transients
for a down-facing truncated cone with height 0. 2 cm
are shown in Figure 8. The transient is seen to
undershoot and then overshoot the eventual steady
convective limiting current, a behaviour similar to that
observed for up-facing horizontal discs by Patrick and
Wragg [23]. Flow begins as a ring of fluid rising from
the upper cone periphery. It is notable that convection
from the up-facing horizontal base is distinctly visible
before the undershoot minimum is reached at about
(tm = 16 s). The sharp increase in the mass-transfer
rate is then caused by the first main generation of
convection streams from the up-pointing top which is
well established at t = 35 s. Necking of the plume
then occurs and a steady-state situation arises
(t = 92 s) in which there is a complex flow structure
consisting of a multiplicity of close-spaced interacting
convection streams; the limiting current is seen to be
very steady.
The second example is represented by cylindrical

cavities of various inclinations. The photographs and
transient for a vertical cavity of depth 0.65 cm were
presented in [14] (as Figure 7). Flow begins as a ring of
fluid emerging around the cavity diameter and is
followed by a progressive necking of the resultant
cylindrical plume. This then gives way to a single stream
about 0.5 cm in diameter and, after about 50 s, some
weak pulsation occurs. This demonstrates that the
mass-transfer rate fluctuates in a regular fashion similar
to the behaviour for upward facing horizontal discs [23].
As in the case of a truncated cone, the undershoot and
overshoot in the current transients immediately follow-
ing the early pure diffusional region, are also apparent.
The undershoot and overshoot become less pronounced
with increasing cavity depth and is not visible for
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cavities of depth greater than 1.6 cm because of the
dominant behaviour of the cavity wall, resulting in the
longer build up of the diffusion layer.
Photographs and a current transient for a cavity with

inactive base (depth 0.99 cm) are shown in Figure 9.
There was little difference between the observed flow
regime for this cavity compared with the fully active one
[14] except that the early stages of the plume appear less
disturbed. Also, due to the base being inactive, the
current–time transients do not exhibit the undershoot
and overshoot typical of horizontal surfaces.
Photographs of flow from the 0.99 deep cavity

inclined at 45� are shown in Figure 10 (0.16 M) at two
different times. The inclined cavities all showed similar
flow regimes with no pulsing observed. Figure 10
suggests that flow remains predominantly attached to
the cavity walls prior to exit from the cavity mouth.
When the cavity is horizontal the emergent flow formed
a single continuous stream as shown in Figure 11. The
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current transients for inclined and horizontal cavities
did not show the degree of instability associated with
pulsing observed in the case of some vertical cavities,
this being consistent with the fact that only very weak
flow pulsing was visually evident.
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