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Electrodeposition on a circular cylinder under forced convection was simulated for Reynolds
numbers 10 and 200 by numerical solutions of the incompressible Navier±Stokes and mass transport
equations. Current density distribution and concentration ®elds were computed with changing mass
transfer and ¯ux rates. Comparisons with earlier numerical and theoretical results are presented for
Reynolds number 10. It is shown that the unsteady wake that appears for Reynolds numbers greater
than 50 a�ects the mass transfer from the surface of the cylinder only in an average sense. This result
is compared with a heat transfer case, where unsteadiness is much more manifest.
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1. Introduction

The technique of electrolytic deposition of thin metal
coatings to other metals evolved during the middle of
the last century. This technology has been success-
fully used for development of new products with
unique functional properties. Today it is one of the
highest volume chemical technologies; and most
metalworking plants have in-house plating shops.
More recently, the demands on quality and properties
of metal coatings have increased signi®cantly.

Electroplating processes are mainly used in the
surface ®nishing industries for items such as printed
circuit boards, magnetic alloys for computer memo-
ries, coatings for hard disk drives, wear resistant
coatings, corrosion resistant alloys, electroreformed
laser mirrors, contacts/connectors and decorative
coatings [1,2]. Many factors can a�ect the rate of an
electrodeposition reaction. The imposed electric po-
tential, electrode parameters (material composition,
surface state, geometry etc.) and electrolyte parame-
ters (composition, concentrations, conductivity,
velocity, temperature etc.) are examples of such fac-
tors [3]. Parametric adjustment of an electroplating
line is, therefore, a formidable task, which so far has
been dealt with on empirical basis [4]. But with the
increasing requirements on quantity, quality and
productivity, the purely empirical approach to the

optimization problem needs to be supplemented with
theoretical estimations and computations based on
®rst principles.

Forced convection is commonly used in electro-
plating processes. For example, the electrolyte may
be pumped through a cell. Other examples are stirring
by air bubbles or by mechanical agitation. In many
electroplating processes a continuous strip or wire or
an array of workpieces moves through an electro-
plating bath. The motion of the material to be plated
generates a ¯ow pattern that enhances mass transfer
which, in turn, leads to more e�cient plating. In such
cases, high reaction rates are imposed [5]. The
hydrodynamics is then of particular importance as
the current distribution is determined by the forced
convective mass transport of reactant. Convection±
di�usion theory in its classical form is well known
and available for the reader in standard textbooks
[6,7]. However, at the present time, there are no
practical tools that are useful for prediction of elec-
troplating.

Levich [6] remarked that the convective±di�usion
transport of ions in electrolytes is characterized by
large Schmidt numbers ��103� and is thus akin to
heat transport at large Prandtl numbers. Lighthill [8]
developed an approximative analytic solution for
steady heat transfer from bodies at high Prandtl
numbers in the case of forced convection. Acrivos [9]
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applied the method devised by Lighthill to a wide
range of problems. The key element of Lighthill's
method is that the concentration distribution, and
thus the rate of mass transfer, can be computed ap-
proximately in analytic form if the velocity ®eld near
the electrode is known. The one-to-one correspon-
dence between mass transfer and velocity gradient is
the basis for electrochemical methods for wall shear
stress measurements [10, 11].

In the present work electrochemical mass transfer
to a circular cylinder oriented perpendicular to a
moving electrolyte is studied. At large distances from
the cylinder, the velocity of the electrolyte is constant.
This case is of canonical type because of the sim-
plicity of the boundary conditions, the complexity of
the physico-chemical processes, the fundamental
mechanisms exhibited and numerous industrial ap-
plications. One example of practical applications is
the production of gold plated electrical connectors.

The nature of the ¯ow pattern around a cylinder
depends on the Reynolds number Re, for example [12,
13]. In most investigations of the unsteady regime at-
tention is focused on the unsteady behaviour of the
vortices downstream the cylinder rather than the
properties of the ¯ow close to the surface of the cyl-
inder.

For theoretical predictions, since the governing
equations are nonlinear and exact solutions are not
available, numerical methods have been used in a
number of investigations to deal with heat transfer
from a circular cylinder. ZÏ ukauskas [14] has given an
extensive review of published data and proposed
several empirical correlations between heat transfer
rates and ¯ow variables.

For electrochemical mass transfer to a circular
cylinder, comparatively few investigations are re-
ported. Most of these focus on the overall mass
transfer [15, 16]. In several studies, the microelectrode
technique, which relies on the fact that unsteady mass
di�usion at high Schmidt number close to a solid
surface depends only on the locally linear tangential
velocity component, has been made use of to measure
the local shear stress on the cylinder [11, 17, 18].

For rough estimates, the classical Nernst di�usion
layer model is often adopted for the complex velocity
and concentration pro®les near the cathode surface,
see [19, 20, 21]. In this model, it is assumed that the
motion of the electrolyte near the surface of the
electrode can be divided into two zones. Close to
the surface it is assumed that there is a thin layer
which is totally stagnant such that di�usion is the
only mode of mass transport. At steady state, the
concentration pro®le is then linear. Outside this layer,
only convection is assumed to be of importance and
the concentration is, on an ad hoc basis, taken to be
equal to that of far ®eld. In a real ¯ow, however, a
sharp limit cannot be observed due to di�usion of
momentum [21]. Nevertheless, the Nernst model has
been found useful for coarse approximations.

Numerical analysis has so far not been in wide-
spread use for investigation of convection±di�usion

problems at high Schmidt numbers. Josserand [18]
studied the mass transfer to a circular cylinder at
Re � 10 and Re � 5� 104. He used a simpli®ed
model for the velocity ®eld close to the cylinder. At
Re � 10 the wall vorticity distribution was taken
from the numerical study by Dennis et al. [22], and at
Re � 5� 104 from the experimental data reported by
Son and Hanratty [23]. In both cases a linear velocity
pro®le was then imposed close to the surface of the
cylinder. The concentration ®eld was then computed
numerically. Although limited, the investigation of
Josserand was pioneering regarding the use of nu-
merical methods for simulation of electroplating
processes. The aim of this work is to make a detailed
numerical investigation of electroplating of male
electrical contacts.

2. Problem statement

The speci®c case to be studied in this work, gold
plating of male electric contacts, is chosen due to its
industrial importance. Usually, in the industrial pro-
cess, an array of cylinders is moving through a series
of baths [11, 24]. In this study, however, as a ®rst step,
the plating process of a single cylinder is considered.

Gold plating solutions usually include a supporting
electrolyte. The ions of the supporting electrolyte have
a larger mobility than the reactant and are responsible
for the transport of charge outside the mass transfer
boundary layer. Consequently, the electric ®eld is re-
duced in the electrolyte and the fraction of the net
charge transport carried by the reacting ions is negli-
gible. The electrical potential can be considered as
constant in the bath. The concentrationwill be the only
factor producing nonuniformity in the current distri-
bution around the surface of the cylinder [6, 19, 21].

The mathematical problem for plating of a cylin-
der is reduced to the computation of forced convec-
tive transport of reactant to the surface of the
cylinder. The system of equations to be solved for the
velocity ®eld u and the pressure ®eld p, are the
Navier±Stokes equations

@u

@t
� u � ru � ÿ 1

q
rp � mr2u �1�

and the continuity equation for incompressible ¯ow

r � u � 0 �2�
As forced convection is considered, when u has been
computed from Equations 1 and 2, the concentration
c of the solute can be computed from the conserva-
tion equation

@c
@t
� u � rc � Dr2c �3�

The boundary conditions on the cathodic cylinder
wall are

u � ~0 and D n̂ � rc � k c �4�
In these expressions n̂ is the unit vector normal to the
cylinder and the rate of reaction k taken as a constant
on the cylinder wall. In Equations 1 and 3, m is the
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kinematic viscosity of the electrolyte, q its density and
D the solute di�usion coe�cient. Low values of k, on
the one hand, imply that the charge transfer kinetics
at the cathode controls the current density. High
values of k, on the other hand, mean that the mass
transfer is mainly controlled by the hydrodynamics,
the transfer of reacting particles from the bulk to the
near-wall region being the only limitation on particle
deposition [6]. This parameter range, in which the
concentration at the cathode surface is close to zero,
is said to be mass transport limited. The current
density on the cathode is slightly below the limiting-
current density.

Far from the cylinder, the velocity ®eld is taken to
be uniform, that is,

lim
jXj!1

u � U0ux �5�

The normal velocity at the outlet was set so that the
global conservation of mass was satis®ed between the
inlet and outlet, and a zero streamwise gradient was
imposed for the remaining variables.

In the present work, the cylinder is assumed to be
very long compared with its diameter thus permitting
a two-dimensional treatment.

The di�usion coe�cient of the di�using solute, D,
is assumed to be constant and has a low value
�D � 10ÿ9±10ÿ10 m2 sÿ1� compared to the ¯uid kine-
matic viscosity �m � 10ÿ6 m2 sÿ1�. This leads to high
value of Schmidt number, Sc, that is,

Sc � m
D
� 103 �6�

The di�usion boundary layer is thus always nested
within the hydrodynamic boundary layer. For typical
electrolytes, the ratio between the thickness of the
di�usion boundary layer and the hydrodynamic
layer, respectively, is of the order of 10)1[6].

The above set of equations can be transformed
into a suitable nondimensional form by choosing the
diameter of the cylinder, L, as the length-scale, the far
®eld velocity, U0, as the velocity scale, the concen-
tration in the solution, C0, as the concentration scale,
L=U0 as the time scale and qU2

0 , the dynamic pres-
sure, as the relevant scale for the pressure ®eld. A
mass transfer length scale is given by the quantity
d � �DL2=U0�1=3, which is obtained by balancing the
convective mass ¯ux in the tangential direction and
di�usive mass ¯ux in normal direction [18]. A scale
for the reaction rate is then given by k0 � D=d. The
nondimensional versions of Equations 1±3 are

@u
@x
� @v
@y
� 0 �7�

@u
@t
� u

@u
@x
� v

@u
@y
� ÿ @p

@x
� 1

Re
@2u
@x2
� @

2u
@y2

� �
�8�

@v
@t
� u

@v
@x
� v

@v
@y
� ÿ @p

@y
� 1

Re
@2v
@x2
� @

2v
@y2

� �
�9�

@c
@t
� u

@c
@x
� v

@c
@y
� 1

Pe
@2c
@x2
� @

2c
@y2

� �
�10�

The nondimensional boundary conditions on the
cylinder are

u � 0; v � 0 �11�

P eÿ1=3
@c
@r
� j c �12�

The Reynolds and Peclet numbers are de®ned as

Re � qU0L
l

and Pe � U0L
D

�13�

No separate notation has been introduced for the
nondimensional variables, except for the nondimen-
sional reaction rate constant, that is, j � k=k0.

For the mass transport limitation case (i.e. large
values of j) the concentration boundary conditions at
the cylinder wall is suitably written as

c � 0 �14�
The ®nite computational domain is illustrated in
Fig. 1. The origin of the cartesian coordinate system
is at the centre of the cylinder. In terms of non-
dimensional units, the domain is de®ned as

ÿ2:5 � x � 12:5 and ÿ 5 � y � 5 �15�
where the x direction is parallel to the ¯ow at far
®eld. The following boundary conditions are pre-
scribed at the inlet and outlet, that is, x � ÿ2:5 and
x � 12:5, respectively

u � 1; v � 0; c � 1 �16�
@u
@x
� 0;

@v
@x
� 0;

@c
@x
� 0; p � 0 �17�

On the boundaries of the computational domain
parallel with the mean ¯ow, the following boundary
conditions are prescribed:

u � 1; v � 0;
@c
@y
� 0 �18�

The problem was solved numerically for Reynolds
numbers of 10 and 200 and a large value of the
Schmidt number. The error made by restricting the
simulations to two dimensions was deemed small as
signi®cant three-dimensional e�ects occur only when
the Reynolds number exceeds 200 [13].

3. Methodology

The set of equations were solved numerically by using
the commercially available numerical code, CFX
F3D [25]. The solution methodology is based on the
®nite-volume discretization of the transport equa-
tions and the continuity equation for an in-
compressible ¯uid, resulting in a discrete set of
equations for the velocity, pressure and concentra-
tion. F3D uses multi block structured grid system for
modelling of complex geometries. All variables are
de®ned at the centre of control volumes. To examine
e�ects of the spatial resolution on the results, simu-
lations were carried out using di�erent computational
meshes with number of elements varying from 7250
to 18 880. Finally, a grid with 9050 elements was
chosen as ®ner meshes did not produce any notice-
able change in the solution.
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The numerical scheme is based on the pressure
correction method where a correction to the pressure
®eld is computed such that the divergence of the ve-
locity ®eld is forced to be zero and the continuity
equation (2), can be satis®ed. To avoid the spurious
modes in the pressure ®eld appearing when comput-
ing the velocity components on control volume faces
from those on control volume centres, the Rhie and
Chow interpolation scheme is used.

At each time step the nonlinear equations are
solved by iteration. The convection velocity and other
parameters are evaluated at the previous iteration
and a linear equation system is formed for each
variable. The linearized di�erence equation system is
solved by an iterative solution method�.

The convective part of the equations was dis-
cretized by an upwind discretization. The use of a low
order upwind method gives rise to a high numerical
di�usion which suppresses the unsteadiness of the
¯ow at a su�ciently high Reynolds number. To avoid
this e�ect a third order quadratic upwind di�erencing
(QUICK) scheme was used. However, in order to
compare the results averaged in time with the steady
solution of the governing equations the hybrid dis-
cretization, that is, a combination of the ®rst order
upwind di�erencing and the central di�erencing, was
used to force the system to converge.

4. Results

The parameters in the present simulations were
chosen to be as close as possible to available ex-
perimental data in the work of Josserand [18] and
Olivas [11]. A cylinder of diameter 2 cm was as-

sumed to be located in a bath of 10 diameters
width. The electrolyte was an aqueous solution of
potassium ferricyanide with sodium hydroxide as
supporting electrolyte. At 30 �C, the physical prop-
erties of this solution are: density q � 998:2 kg mÿ3,
kinematic viscosity m � 1:004� 10ÿ6 m2 sÿ1 and dif-
fusion coe�cient of ferricyanide ions in the elec-
trolyte D � 5� 10ÿ10 m2 sÿ1. The Schmidt number is
2010.

Although the main aim of this work was to in-
vestigate unsteady forced convection in the oscilla-
tory separated ¯ow around a circular cylinder (the
KaÂ rmaÂ n vortex street) which is a distinct feature at
moderately large Reynolds numbers of about 200,
cases at lower values of Reynolds number have also
been simulated in order to validate the computations
by comparisons with earlier simulations.

In this Section, results for the steady ¯ow at
Reynolds number 10 are compared with previous
work by Josserand [18]. Also results for the unsteady
¯ow at Reynolds number 200 are presented, both for
the mass transport controlled case and a case that is
intermediate between control due to charge and mass
transfer. Mass transfer results from a numerically
enforced steady solution for the ¯ow at Reynolds
number 200 is compared with corresponding results
from the time-averaged unsteady solution. At the end
of this Section a comparison is made between the
obtained results for mass transfer and a similar heat
transfer case in water.

Mass transfer to a cylinder at Re � 10 has been
computed approximately, using an ad hoc model, by
Josserand [18], where nondimensional mass transfer
rate, j, was varied between 0.03, 0.3, 3 and 104. In the
present work, the calculations were performed for
®ve di�erent values for j, 0.03, 0.3, 3, 30, 300 and for
the limiting-current state, that is, c � 0 at the surface
of the cylinder.

Fig. 1. Computational domain.

� `Full ®eld Stone's method for the velocity variables and the
concentration, `preconditioned conjugate gradients' method for the
pressure.
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Figure 2 shows the nondimensional mass ¯ux at
the surface of the cylinder, in terms of the Sherwood
number Sh (Sh � @c=@r at the wall) normalized by
the mean value of the Sherwood number over the
cylinder �Sh�. The ¯ux increases with the value of j,
tending towards the maximum value giving the lim-
iting current. The minimum mass ¯ux is, as expected,
located at the separation point situated near 150�,
where the supply of reactant is weakest, cf. Fig. 3.

For j � 300, the local Sherwood number is, from
a numerical point of view, practically equal to its

maximum value (i.e. that for the limiting current). At
the limiting current, the rate of electron transfer is
fast compared with the reactant supply and the mass
¯ux distribution is fully controlled by the convective±
di�usive mass transport to the surface of the cylinder.

The results shown in Fig. 2 are in reasonable
agreement with those obtained by Josserand [18]. In
this graph, Sh is the angular average of Sh around the
surface of the cylinder. It is worth noting that non-
normalized ¯ux distributions in the front part of the
cylinder, (i.e. h � 0�ÿ150�) are in excellent agreement

Fig. 2. Flux distribution around the cylinder, Re � 10. Present work: (s) limiting current, (Ð) j � 300, (± ± ±) j � 3, (- - -)
j � 0:3; �� � �� j � 0:03. Josserand [18]: (4� j � 1� 104; (e) j � 3; �(� j � 0:3; �5� j � 0:03. Lighthill's solution as calculated by SobolõÂ k
and Wein [26] : ��� analytical at limiting current.

Fig. 3. Concentration and velocity ®elds. Limiting-current state at Re � 10.
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with those computed by Josserand and the Lighthill's
analytical solution. Deviations are found on the rear
part of the cylinder. These deviations indicate that the
linear approximation of the velocity ®eld inside the
di�usion layer is inaccurate for the rear part of the
cylinder. This presumption appears to be supported
by Fig. 3, which shows that the isoconcentration lines
do not show boundary layer behaviour in this region.
Convection is simply too weak outside the rear point
of the cylinder for Re � 10. The mentioned deviations
give slightly di�erent values for Sh. 

As the Reynolds number becomes su�ciently
high, the wake becomes unsteady. An asymmetric
eddy pattern appears, forming the well-known
KaÂ rmaÂ n street [13] downstream of the cylinder. In
the simulations, no arti®cial perturbation was in-

troduced to generate the vortex shedding. A periodic
¯ow was established spontaneously after a transition
period. Computed Strouhal numbers for the vortex
shedding are in good agreement with documented
experimental results. Details of the hydrodynamics
are given in the Appendix. Instantaneous iso-
concentration lines for the Re � 200 unsteady case
are shown in Fig. 4, with the corresponding velocity
®eld. Note that this is an arbitrary phase of oscil-
lation cycle; strong variation in the ¯ow pattern can
be observed. The time-dependent non-dimensional
¯uxes, the local Sherwood number, at di�erent an-
gular positions are presented in Fig. 5. The data in
that ®gure are normalized by Sh, the mean value of
the Sherwood number over the cylinder averaged in
time. It is interesting to note that the ¯uctuations of
the local value of the Sherwood number is only
about 1% of its time averaged value. In Fig. 6 the
mass ¯ux distribution and the magnitude of ¯uc-

Fig. 4. Instantaneous velocity and concentration ®elds. Limiting-current state at Re � 200.

Fig. 5. Time-dependent ¯ux distribution. Limiting-current state at Re � 200. Angular positions: (Ð) 151:2�, (± ± ±) 118:8�, (± - ±) 90�, (- - -)
61:2�; �� � ��28:8�.

 This results in di�erences in normalized pro®les as can be seen in
Fig. 2.
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tuations are presented as three curves, the local time
averaged and the local time averaged plus and
minus half of the standard deviations. However, as
can be seen in that Figure, the three curves are, for
practical purposes, the same. The fact that the un-
steady mass transfer hardly deviates at all from its
mean value, even though the ¯ow in the wake is
certainly unsteady to lowest order, may be worth
comment. An explanation for this somewhat sur-
prising phenomenon can be found by considering
time scales. It is well known that the period ss, say,
for the vortex shedding is ss � L=U0 [13]. As pointed
out earlier, the thickness d of a steady di�usion layer
is d � �DL2=U0�1=3. The time scale, sa, say, for the
di�usion layer to adjust to changes in external
conditions can thus be estimated as sa � d2=D.
These estimates give

ss

sa
� Peÿ1=3 � 1 �19�

Thus, the slow adjustment of the di�usion layer
cannot keep up with the rapid changes in the velocity
®eld caused by vortex shedding. As a consequence,
the instantaneous mass transfer will deviate very little
from its temporal mean value. This state of a�airs is
clearly illustrated in Fig. 4. In the rear part of the
surface of the cylinder, Fig. 4(a), on the one hand,
shows that the instantaneous velocity gradient is
highly asymmetric with respect to the horizontal.
Figure 4(b), on the other hand, shows that the in-
stantaneous isoconcentration lines are almost per-
fectly symmetrical apart from some weak di�erences
outside the upper and lower points of separation.à

Periodically, two eddies are formed downstream
the cylinder whose sizes are alternatively growing and

decreasing. There is a region, about 150 � from the
front side, where the velocity is low, resulting in a
locally lower mass ¯ux.

As the separation point for Re � 200 is located at
h � 110� and that for Re � 10 is at h � 150�, the re-
lative contribution to the net mass transport from the
complicated near wake region is larger in the former
case (cf. Fig. 2 with Fig. 6). It can be noted that for
Re � 200, the near wake ¯ow is su�ciently strong to
enforce boundary layer behaviour of the concentration
®eld on the rear part of the cylinder, which was found
not to be the case at Re � 10 (cf. Fig. 4(b) with Fig. 3.).

The ¯ux distribution has been used to compute the
variation of the thickness of the deposit layer as shown
schematically in Fig. 7. It should be noted that the
possible modi®cations of the ¯ow, due to the changes
in the shape of the cylinder caused by inhomogeneous
coating, has been neglected because of the very small
thickness of the layer, typically a few micrometers, in
comparison with the radius of the cylinder. The poor
deposition in the neighbourhood of the mean location
of the points of separation is noteworthy.

Fig. 6. Flux distribution around the cylinder. Limiting-current state at Re � 200. r is the standard deviation. (±) mean, ��� mean � r=2;
��� mean ÿr=2.

Fig. 7. Ampli®ed deposit layer thickness. Limiting- current state at
Re � 200.

àThe variation of the location of the separation point is small,
about �10� [27]. Figure 4(b), where these points are located almost
symmetrically, is thus not atypical.
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An obvious strategy in electrochemical process
engineering is to operate under mass transport con-
trolled, limiting-current, conditions, as the produc-
tion rate should be maximized. However, there are
cases when operation at the limiting current may not
be desirable [21], for example, for reasons of energy
consumption, homogeneity and quality of the de-
posit. Therefore, a case controlled by the charge
transfer resistance at the surface of the cylinder was
investigated. Results from simulations for Re � 200
and j � 0:03 are shown in Fig. 8. For practical pur-
poses, the mass transfer is homogeneous. The price
paid for this homogeneity is low mass transfer. The
ratio between the net mass transfer for j � 0:03 and
that at the limiting-current is only 2.7%.

For industrial applications in electroplating, the
unsteadiness of the ¯ow is of less interest. The im-
portant quantity is the thickness of the deposit layer,
which is a time integrated quantity. To compute the
thickness of the layer, the ¯ow ®eld must be simulated
for a su�ciently long time and the ¯ux must be in-
tegrated in time, as was done to obtain the necessary

data for Fig. 7. Such computations are usually time
consuming. To reduce the calculation time, a nu-
merically enforced steady solution can be computed.
In some applications, such arti®cial solutions may
serve as reasonable approximations. However, this is
not so in the present case. To enforce a steadiness in
the computations, a ®rst-order accurate hybrid dif-
ferencing scheme was used for the discretization of
the convective terms. An arti®cially steady solution
can be obtained at considerably lower cost than an
unsteady solution. The velocity ®eld for such a steady
solution is shown in the Appendix.

The mass ¯ux obtained by an enforced steadiness
of the velocity ®eld is indicated by circles in Fig. 9.
This graph also shows the mass ¯ux distribution
obtained by averaging the time-dependent solution.
The position of the separation point is predicted
correctly. On the other hand, the steady velocity ®eld
gives an accurate ¯ux distribution only upstream of
the separation point, not downstream. The steady
state calculation predicts two large eddies behind the
cylinder, with a ¯ow towards the cylinder in the

Fig. 8. (a) Nondimensional ¯ux distribution. r is the standard deviation. (±) mean, ��� mean � r=2; ��� mean ÿ r=2. (b) Concentration
®eld. j � 0:03: Re � 200.

Fig. 9. Flux distribution for the limiting-current state at Re � 200. (Ð) Unsteady and (s) steady solutions.
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middle. This directed ¯ow decreases the boundary
layer thickness and thereby increases the mass ¯ux to
the cylinder surface. More complex dynamics are
predicted by the time dependent calculations where
the ¯ow is less directed.

It is of interest to compare the in¯uence of oscil-
lations on mass transfer with their in¯uence on heat
transfer at the same Reynolds number Re � 200.
Calculations were done for the case of water ¯ow
around the cylinder in a uniform wall temperature
case at Prandtl number of 7, with a temperature
di�erence of 10 �C between the cylinder wall and the
inlet ¯ow. The resulting isothermal lines and the heat
¯ux distribution are shown in Fig. 10(a) and (b). Heat
¯ux is given, with dimensionless variables, in terms of
the Nusselt number Nu (Nu � @T=@r at the wall),
normalized by its mean value over the cylinder
averaged in time, Nu. In the case of heat ¯ux, the
oscillations are about 10% of the mean heat ¯ux, that
is to say ten times more than for the mass transfer
case. This obvious di�erence can be attributed to
large di�erences between the Schmidt number in the
case of mass transfer and the Prandtl number for the
case of heat transfer.

5. Conclusion

Cathodic limiting-current conditions are widespread
in electroplating, specially under forced convection.
The present numerical simulations verify that the
mass transport limitation is maximum under such
conditions and in contrast, for low reaction rates, it is
not limiting.

The transition from low Reynolds steady ¯ow to
periodic unsteady conditions is not passed to the
concentration ®eld and its resulting mass ¯ux dis-
tribution. This ®eld keeps an almost steady sym-
metric pattern with two zones of maximum cation
depletion situated near the separation point posi-
tions. This characterizes high Schmidt number con-

ditions and is particularly remarkable if compared
with corresponding in¯uence of ¯ow oscillations on a
heat transfer case.

The consequence of increasing the stream velocity,
and thus the convective `strength', is an obvious in-
crease of the global mass ¯ux rate (i.e. the deposition
rate) but, as the wake region gets larger in the
downstream part of the cylinder, the low deposited
area becomes larger too.

The enforced steady solution that can be obtained
numerically for a Reynolds number of 200 gives a
good idea of the extent of the nonhomogeneous near
wake region but with non-negligible deviation from
the actual unsteady result for the ¯ux distribution in
that region.

The results can be visualized by concentration
®elds or ¯ux distribution. The latter can be used for
illustration of the deposit layer thickness. A good
homogeneity of the deposit is desirable for obvious
reasons of quality but also for nonnegligible savings
on deposited metal. The numerical prediction can
then be used, for instance, to decide on ®rst guess
conditions for a series of tests when starting the
plating of a new workpiece or, more generally, to help
in understanding and diminishing the non-
homogeneity in the deposit.

This new step in numerical methods applied to
electroplating process is encouraging despite its
limitation to a 2D case at intermediate Reynolds
numbers. A natural extension is the study of 3D
e�ects due to geometry con®guration or higher ¯ow
rates.

6. Appendix

6.1. Validations

The case of heat transfer around a cylinder, which
was studied in Section 4, can be used for validation of
the code. Here, a detailed comparison is made with

Fig. 10. (a) Temperature ®eld. (b) Heat ¯ux distribution for water. UWT at Re � 200. r is the standard deviation. (±) mean, ��� mean
� r=2; ��� mean ÿ r=2.
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available experimental data in the literature. The
Reynolds number is 200, and the wall temperature is
uniform, 10 �C over the ¯uid temperature. The re-
sulting average heat transfer coe�cient is presented in
Fig. 11 where comparison is made with data from
�Zukauskas [14].
The nondimensional frequency of oscillations,

denoted f, is usually presented by way of the Strouhal
number de®ned by

St � 2fR
U

�20�

The Strouhal number can be estimated as 0.195,
where the frequency is found from the recorded os-
cillations in the drag force as shown in Fig. 12. The

numerical work of Ha Minh et al. [30] reports a value
of Strouhal number St � 0:19. Braza et al. [27] found
0.20. Experimental results from Roshko in 1954 [31]
give values in the range of 0.18±0.20, for the same
Reynolds number.

An experimental value for the drag coe�cient CD,
which is found by integration of the forces acting on
the cylinder, is 1.4, [e.g. 32]. This value must be
compared to 1.47 in the present simulation.

6.2. Steady solution for Re � 200

The velocity ®eld of the steady symmetric solution at
Re � 200 is shown in Fig. 13. A hybrid central/up-
wind scheme was used in order to obtain a con-

Fig. 11. Heat transfer of cylinders in low range of Re : (1) Davis [28]; (2) ZÏ ukauskas [29]; (3) present work.

Fig. 12. Time dependent lift and drag coe�cients after establishment time at Re � 200.
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vergence of the iterations, giving this arti®cial steady
solution.
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