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On the fluid mechanics of electrochemical coating and spray painting 

Pedro Olivas 
Department of Mechanics, (KTH), Stockholm, Sweden 
LEGI, (INPG), Grenoble, France 

Abstract 
This doctoral thesis consists of two parts. 
 The first part, of introductory nature, contains a description of the 
electrochemical physics involved in the processes of interest, the methods used 
and a summary of the studies that have been made. 
 The second part focuses on specific cases. It consists in research papers 
which give a more detailed presentation of the main studies. The contributions 
of these papers are:  1) Numerical simulations of the electrodeposition on a 
single circular cylinder under forced convection for Reynolds numbers 10 and 
200. Comparisons with earlier numerical and theoretical results are presented 
and it is shown that the unsteady wake that appears for Reynolds numbers 
greater than 50 affects 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.  2) The effect of application of circulation 
movement around the cylinder surface is studied for Reynolds numbers 10 and 
100, comparing them to the standard case without circulation obtained before. 
It is shown that the use of optimal values for circulation can create a recircu-
lation zone around the cylinder and result in a remarkable improvement of the 
deposit uniformity.  3) The magnetoelectrolysis research discipline is presented 
in a short review of more known MHD research activities. Attention is put on 
the magnetic fields for mass transfer processes. A classification of the 
governing dimensionless parameters that control the phenomena is proposed 
and available results of numerical simulations presented.  4) Magneto-
electrolysis is applied for the first time on electroplating processes, testing 
three procedures; applying the magnetic field on the whole domain, locally 
around the cylinder to be plated and with a alternating direction. It is found 
that a closed recirculation around the cylinder is not so useful whereas 
application of an alternating the magnetic force around the cylinder can result 
in interesting improvement of quality and productivity.  5) Application of 
numerical methods is studied in another field of the surface finishing industry, 
the painting atomizers. A critical situation of “reverse flow” is analyzed. 
Different parameters of this phenomenon are studied and suggestions for 
atomizers design are given and tested. 

Descriptors: mass transfer, electrochemical coating, ion transport, forced 
convection, diffusion, magnetoelectrolysis, electrolyte, limiting current, 
numerical simulation, finite volume methods, paint atomization, Coanda effect. 
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CHAPTER 1 

Introduction 

1. Industrial background 

The electrodeposition is the production of species on a surface via an 
electrochemical reaction. The surface species may be a metal, an alloy, a 
polymer, or a composite. Cathodic or anodic reactions may be involved in 
electrodeposition, although the majority of practical processes, e.g. metal 
plating, involve cathodic reactions. 

 Electroplating is the production of an adherent and compact film on 
an electrode by transferring particles from the electrolytic solution towards the 
surface; the term is most frequently used to refer to the cathodic 
electrodeposition of a metal or an alloy in compact form. 

 Electroplating processes are mainly used in the surface finishing 
industries for items such as printed circuit boards, magnetic alloys for 
computer memories, coatings for hard disk drives, wear resistant coatings, 
corrosion resistant alloys, electroreformed laser mirrors, contacts/connectors 
and decorative coatings [1][2]. 

 Over the past few decades the electrodeposition of metals has been 
successfully developed to create new materials with unique functional 
properties. An inventory of the surface modification technologies in France has 
identified that electrodeposited metallic coatings still represent about 25% of 
the market [3]. More recently, the demands on quality and properties of metal 
coatings have increased significantly. 

 A major concern of electroplaters is to combine higher productivity 
with better coating quality. In that respect developments have been noticed in 
the area of plating cell design and type of current mode. Related to cell design, 
four types of cells can be distinguished namely batch cells, barrel plating, 
brush plating, and continuous plating cells (see Figure 1). 
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FIGURE 1.    Schematic representation of different plating cell 
designs: (a) batch plating, (b) barrel plating, (c) brush 
plating, (d) continuous plating. 

Batch cells    are of interest to most platers when electroplating on a large 
variety of parts is involved. The flexibility of the process is quite large but the 
achievable deposition rates are generally low. The process requires generally a 
large human action to position the parts one by one on the racks. 

Barrel plating    is of interest when large amounts of small parts have to be 
electroplated. Due to the rotation of the barrel, the individual parts come in 
contact with fresh solution. Current interruption is in principle not desirable 
and the rotation of the parts is a guarantee that all faces of the parts are 
coated. However, it is a difficult task to coat not only the parts uniformly but 
also all parts in one batch homogeneously. Selective deposition and deposition 
at high current density are not possible in this type of plating process. 

Brush plating    is mostly used for selective deposition and repair of coated parts. 
Typical examples are the deposition of gold for architectural purposes and the 
repair of locally worn or damaged parts, such as printing rolls, by deposition of 
overlay coatings. Electrolytes are specially selected so that current density and 
deposition rate are generally high. Due to the small areas that are treated at 
once the in situ repair remains a labour intensive job. 

Continuous plating    is of interest to electroplaters for mass production of 
identical parts. The major benefits are a higher deposition rate. The increase of 
the deposition rate is based on the increase of the limiting current density by 
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achieving high fluid flow rates along the cathode surface1. A typical example is 
the reel-to-reel electroplating of electrical connectors consisting of a bronze 
substrate coated successively with a nickel barrier layer and a gold top layer. 
Intermediate rinsing and activation steps are included in the plating line 
(Figure 2). An improved selectivity is achieved by using specific techniques 
such as nonconductive masks. Based on this technology large scale applications 
have been achieved industrially. Examples are the continuous plating of zinc, 
chromium, and tin on steel strips, and the continuous deposition of copper foils 
used, e.g., in the production of printed circuit boards.  

 Nevertheless, the design and the adjustment of the electroplating cells 
are complex due to the various processes involved. Many factors can affect the 
rate of an electrodeposition reaction [4]. Examples of such factors are 

- the imposed electric potential, 

- electrode parameters (material composition, surface state, geometry 
etc.), 

- electrolyte parameters (composition, concentrations, conductivity, 
velocity, temperature etc.). 

The design of the cells and the parametric adjustment of an electroplating line 
is, therefore, a formidable task. Installing a production line requires a lot of 
tuning, mostly carried out on empirical basis, step by step, until an acceptable 
distribution of the deposit is obtained [5]. 

 Moreover, when the geometry of the workpieces produces a hydrody-
namic mode that is not homogeneous, a uniform deposit is then much more 
difficult to obtain, resulting in 

- a lower quality of the deposit, 

- an excessive metal consumption in order to get minimum thickness on 
the whole workpiece. 

 A major improvement of the productivity depends on the ability to 
solve these problems of wasting of metal and improving the deposit 
homogeneity. 

 Forced convection is commonly used in electroplating processes. For 
example, the electrolyte may be pumped through a cell. Other examples are 
stirring by air bubbles or by mechanical agitation. Continuous surface 
treatments, which are also referred to as reel-to-reel treatments, are in general 
use in most industrial sectors. Electrical construction, connectors and 
associated hardware, and electronics are fields that lend themselves to this 
method of metal plating, due to the undeniable productivity savings procured. 

                                            
1 See explanations in next chapter 
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 Treatments are applied in special installations (production lines), 
consisting of a range of successive installations through which the strip passes 
and receives consecutively each needed chemical or electrochemical process. 
The motion of the material to be plated generates a flow pattern that enhances 
mass transfer, which, in turn, leads to more efficient plating. In such cases, 
high reaction rates are imposed [6]. The increase in mass transfer brought by 
forced convection depends largely upon the velocity and nature of the flow 
characteristics of the electrolyte in the vicinity of the electrode. It is this flow 
of liquid that carries along with it the dissolved species and largely determines 
the relative extent to which diffusion and convection modes of transfer 
operate. It may happen then that the flow characteristics are responsible for 
the homogeneity problems mentioned above, becoming critical when the 
deposition is carried out in continuous processes. 
 
 The Figure 2 shows a standard configuration for this type of 
installation, of which the main subsystems are: 

- unreeling and rolling mechanisms, 

- chemical or electrochemical treatment units or vats connected to 
electrolysis current generators, 

- rinsing vats, 

- systems for feeding the strip with electric current (rotating contacts, 
brushes, etc), 

- spinning and drying systems. 

The time of tuning of a cell affects the entire line. Obviously, it is the “slowest” 
station that limits the speed of the whole process. Thus, the improvement 
obtained over the deposit rate in a cell can significantly reduce the total cost 
of production. 
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FIGURE 2.    Scheme of a production line at SOFIPEM® –
France. 

 The length of such an installation (illustrated Figure 2) is generally 
between 20 and 80 meters. The strip is pulled through it at a speed ranging 
from 1 to 100 meters per minute. The length of the vats or cells varies from a 
few centimeters to a few meters. The thickness of the deposits is directly 
dependent on the duration of electrolysis and is an inverse function of the 
speed. 
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2. Forced convection mass transfer 

In batch cell electroplating, current distribution is governed by Laplace's 
equation. div(gradū) = 0, and is determined by the cell geometry, conduc-
tivity of the solution and the boundary conditions related to the situation at 
the electrode interfaces. However, this is not the case with very high reaction 
rates such as occurs during continuous electrodeposition with current densities 
near or at the limiting current density. In this situation the interfacial concen-
tration of the reduced ions (cOxd) is constant along the cathode surface, 
becoming virtually zero. The current distribution is then determined by the 
differential equations governing mass transport and convection so that 
electrode polarization is no longer of influence. 

 Convection-diffusion theory in its classical form is well known and 
available for the reader in standard textbooks [7][8]. Although it is possible in 
theory to integrate such differential equations to obtain exact solutions, this is 
very difficult in most practical situations so recourse to a numerical approach 
must be made, using computational fluid dynamics (CFD). However, at the 
present time, there are no practical tools that are useful for prediction of elec-
troplating. 

 Levich [7] remarked that the convective-diffusion transport of ions in 
electrolytes is characterized by large Schmidt numbers (~103) and is thus akin 
to heat transport at large Prandtl numbers. Lighthill [9] developed an 
approximate analytic solution for steady heat transfer from bodies at high 
Prandtl numbers in the case of forced convection. Acrivos [10] 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 approximately in analytic form if the velocity 
field near the electrode is known. The one-to-one correspondence between mass 
transfer and velocity gradient is the basis for electrochemical methods for wall 
shear stress measurements [11][12]. 

 In the present work electrochemical mass transfer to a circular cylinder 
oriented perpendicular to a moving electrolyte is studied. The nature of the 
flow pattern around a cylinder depends on the Reynolds number Re, see for 
example [13][14]. In most investigations of the unsteady regime attention is 
focused on the unsteady behavior of the vortices downstream the cylinder 
rather than the properties of the flow close to the surface of the cylinder. 

 For theoretical predictions, since the governing equations are non-
linear 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. Žukauskas [15] has given an extensive review of published data and 
proposed several empirical correlations between heat transfer rates and flow 
variables. 
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 For electrochemical mass transfer to a circular cylinder, comparatively 
few investigations are reported. Most of these focus on the integral mass 
transfer [16][17]. In several studies, the microelectrode technique, which relies 
on the fact that, at high Schmidt number, unsteady mass diffusion close to a 
solid surface depends only on the local tangential velocity component, has been 
used to measure the local shear stress on the cylinder [12][18][19]. 

 For rough estimates, the classical Nernst diffusion-layer model2 is often 
adopted for the complex velocity and concentration profiles near the cathode 
surface, see [20][21][22]. 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 that is totally 
stagnant such that diffusion is the only mode of mass transport. At steady 
state, the concentration profile 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 field. In a real flow, however, a 
sharp limit cannot be observed due to diffusion of momentum [22]. 
Nevertheless, the Nernst model has been found useful for coarse approxi-
mations. 

 So far numerical analysis has not been in widespread use for investi-
gation of convection-diffusion problems at high Schmidt numbers. Delmas and 
Ha Mihn [23] analysed the influence of the Schmidt number on the mass 
transfer around a sphere. Josserand [18] studied the mass transfer to a circular 
cylinder at Re = 10 and Re = 5 104. He used a simplified model for the 
velocity field close to the cylinder. At Re = 10 the wall vorticity distribution 
was taken from the numerical study by Dennis et al. [24], and at Re = 5 104 
from the experimental data reported by Son and Hanratty [25]. In both cases a 
linear velocity profile was then imposed close to the surface of the cylinder. 
The concentration field was then computed numerically. More recently, 
Ngo Boum [26] made numerical simulations for studying several situations of 
magnetoelectrolysis. 

                                            
2 See next chapter for presentation of this concepts. 
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3. Application of magnetic fields 

Magnetoelectrolysis designates the electrolysis performed under an imposed 
magnetic field. Although the possibility of acting on electrochemical processes 
by applying an external magnetic is known for long time [27], it is considered 
as a relatively new branch of electrochemistry. A few studies have been done 
in order to describe the effects of the magnetic field on the properties of the 
electrolyte, the mass transfer, the electrode kinetics and also on the quality of 
the cathodic deposit. Some articles offer a good overview of the progresses in 
this area, in particular by Fahidy [28] and Ulrich et al [29]. 

 It is known that the magnetic field can affect the physical properties of 
the electrolyte. The variations are relatively small for usual values of the 
magnetic field (of about 1 Tesla or less) [28][30]. Nevertheless, the situation 
has to be reconsidered in the case of strong magnetic field. 

 A second effect is the influence of the magnetic field on the electrode 
kinetics. This phenomenon is very difficult to analyze. Several theoretical 
studies have been based on fundamental physical principles but their 
conclusions show that the problem is still not completely solved [31][32]. 

 There is another effect of major interest. It has been experimentally 
observed that application of a magnetic field on an electrodeposition processes 
results in an improvement of the quality of the deposit (its structure as well as 
the homogeneity and state of surface) [33][34]. 

The most known effect is the influence of an external magnetic field on 
the rate of the mass transfer. This point has been studied in many 
experimental investigations, especially in Japan [35][36] and Canada [37] [38]. 
Though the main mechanisms of the phenomenon can be described 
qualitatively, the quantitative analysis is not so easy because the presence of 
electromagnetic forces in the flow leads to a coupling between the Navier-
Stokes and the mass transfer equations. The description of such phenomena 
requires the identification of the governing parameters. 
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4. Main objectives of the work 

The main aim of the work presented in this thesis is to validate the use of 
finite volume numerical codes for full simulations of flows with applications in 
the surface finishing industry. The various aspects of the research are 
presented in four papers. Paper 1 deals with unsteady simulations of 
electroplating processes to identify and analyze the specific features of such 
flows. Paper 2 presents a first estimate of potential savings due to application 
of rotation effects on the process. Paper 3 presents the modeling of magneto-
electrolysis and its numerical implementation. In paper 4 several test cases of 
the use of magnetic fields for improving productivity in reel-to-reel 
electroplating are reviewed. 

Another application of CFD in surface finishing industry 

In addition to the work concerned with the electroplating field, paper 5 shows 
an innovative use of numerical simulation tools in another field of the surface 
finishing industry: spray paint atomization. 
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CHAPTER 2 

Theoretical Aspects of Forced Convection  
Mass Transfer 

1. Electrochemical cell reactions in metal finishing 

The surface finishing industry makes use of a diverse range of electrochemical 
processes where anodic and cathodic electrode reactions can be involved. It is 
interesting to note that a particular type of electrode reaction may have 
various application areas depending upon the process requirements. In the case 
of cathodic electrodeposition of metals, for example, the product may be a 
compact deposit (electroplating), a detachable foil or self-standing workpiece 
(electroforming), a pure metal (electrorefining), a roughened deposit needing 
further processing (electrowinning) or a toxic/precious metal (metal ion 
removal for environmental control and recycling). Sometimes the electrode 
process is unintentional, a classical example being the corrosion of metals. 

A simplified scheme of an electrochemical cell is shown in Figure 3a. 
The components are an anode and a cathode that are both in contact with the 
electrolyte. The cathode is placed on the right hand side (according to a 
IUPAC convention3). At the cathode, reduction of reactant occurs by electron 
gain. In other words, electrons are transferred from the cathode to species in 
the electrolyte. At the anode, oxidation of reactant takes place by electron loss 
i.e. electrons are transferred from species in the electrolyte to the anode. Both 
of the electrodes must be effective electronic conductors and will often be 
metals. 
 

                                            
3 International Union of Pure & Applied Chemistry 
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a)  

b)  

FIGURE 3.    a) Scheme of an electrochemical cell, b) Example 
of a copper deposition electrolytic cell. 

 The interface regions in which charge transfer occurs are very thin 
(å10-9 m). The driving force for reaction is the cell potential, ECELL that is 
provided by a power supply. 

 In metal finishing applications, it is often desirable to choose a strong 
electrolyte then electroplating baths contain a high concentration of ‘conducti-
vity salts’ to provide high ionic conduction. 

 In addition to the anode, cathode and electrolyte, two other essential 
components of the electrochemical cell are the anodic reactant and the 
cathodic reactant. These reactants may be provided by soluble electrolyte 
species or by the electrode surface itself i.e. an electrode may be inert and 
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simply support a reaction or it may be ‘active’ and participate chemically in 
the reaction. 

 Current flow in the electrolyte is via the two-way traffic of positively 
charged cations (which migrate towards the cathode) and negatively charged 
anions (which migrate in the opposite direction). The overall rate of electron 
transfer at the anode is equal and opposite to that at the cathode. 

 Electrode reactions take place in a very localized zone at the interface 
between an electrode and the electrolyte. It is therefore possible to define 
electrode reactions as ones that involve charge transfer between an electronic 
and an ionic conductor. Such reactions are heterogeneous in nature, i.e. they 
involve (at least) two phases. The driving force for an electrode reaction is 
provided by the extremely high potential gradient across the thin interface. 
For example, if there is a potential difference of 1 V between the electrode and 
the solution in contact with it, and the interface is 10-9 m thick, then the 
potential gradient is 109 Vm-1. In addition to a potential gradient, there are 
also concentration and velocity gradients near the electrode surface [22]. 

 In practice, the desired reaction takes place at one electrode but this is 
supported by a complementary reaction at the other electrode. 
The individual electrode reactions may be written 
 
 anode : RedA – n e-  Ÿ  OxdA  (1) 
 cathode : OxdC + n e-  Ÿ  RedC  (2) 
 
where ‘Red’ represents a reduced specie while ‘Oxd’ represents an oxidised one. 
These electrochemical equations are written with the same number (n) of 
electrons. 

Addition of these equations gives 

 cell : RedA + OxdC  Ÿ  OxdA + RedC (3) 
 
 The cell reaction is a redox process; it is a chemical reaction and does 
not contain electrons (although the process is carried out via electron transfer 
at each electrode surface). In an electrolytic cell, the electrical energy of the 
power supply is used to cause this chemical change. 

 Figure 3b shows an example of copper deposition electrolytic cell in 
the case of an inert (insoluble) anode. The involved reactions are: 

 anode : H2O – 2 e-   Ÿ  ½ 02 + 2 H+ (4) 
 cathode : Cu2+ + 2 e-   Ÿ  Cu  (5) 
 cell : Cu2+ + H2O Ÿ  Cu + ½ 02 + 2 H+ (6) 

 The level of cupric ions in the electrolyte must be maintained by 
additions of dissolved copper to the electrolyte4. 
                                            
4 Dissolved copper sulphate concentrate in practice. 



 THEORETICAL ASPECTS 22 

2. Rates 

It is important to consider the degree of chemical transformation and the 
electrical charge involved in electrolysis reactions. This relationship was first 
stated by Michael Faraday in 1834 [39]. 

 To illustrate Faraday's Laws, a cathodic reaction may be considered in 
which an oxidized species is reduced in an n-electron change: 

  Oxd  + n e-  Ÿ  Red (7) 
  1 mol  n mol  1 mol 
 or 1 mol  n F  1 mol 

One mole of electrons has a charge equivalent to the Faraday Constant, 
F = 96485 C mol-1.  

- The Faraday Constant is equal to one mole of electronic charge i.e. 

 F = qe NA (8) 

where qe, is the charge on a single electron and NA is the Avogadro Number 
(the number of species in a mole). 

- Faraday's Laws of Electrolysis may be summarized by expressing the rate of 
production5: 

 m = w/M = q / nF   or   dm/dt = I / nF (9) 
where m is the amount of material. As it is useful to refer the rate of reaction 
to a unit electrode area 

 1/A . dm/dt = I/A / nF   or   1/A . dm/dt = j / nF (10) 

j is the current density. 

- The total electrical charge is the integral of the current with respect to time: 

 ∫=
2

1

t

t

dtIq  (11) 

which is equal to the product of the time and current only for the special case 
of constant current. 

An application to electroplating: the rate of thickness development 

The major requirement of electroplating being the thickness of the electro-
deposited metal, x. It is important to know the “rate of thickness develop-
ment”, dx/dt. On a zone where the deposit is of uniform thickness, the 
following relationship may be used 

                                            
5 Properly, a current efficiency coefficient ø should be used with the total electrical 
charge (øq instead of q). But as metal deposition is usually carried out at a current 
efficiency very close to 100% this is not taken into account here. 
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 w = ɟM VM (12) 
the deposit mass is the product of its density and volume. The volume of the 
uniform deposit may be expressed as the product of thickness x and electrode 
area A, giving 

 w = ɟM A x. (13) 

Combining equations (9) and (13) gives an expression for the deposit thickness 

 
AnF

MIt
x

Mρ
=  (14) 

which may be rewritten in terms of the current density (j=I/A) 

 
nF

Mjt
x

Mρ
= . (15) 

Differentiating with respect to time gives the rate of thickness development 

 
nF

Mj
dt
dx

Mρ
= . (16) 

3. Kinetics of electrode reactions 

Many variables can affect the rate of an electrode reaction (see Figure 4a). Of 
the many variables involved in electrochemical kinetics, the electrode potential, 
E, assumes a special importance as it affects not only the rate of reaction but 
the reaction type and nature of products. The electrode potential is measured 
as the potential difference between the working electrode and a reference 
electrode: 

 E = Ewel - Eref (17) 

 The apparently straightforward reaction Oxd + n e- Ÿ Red is actually 
a complex multistage process (Figure 4b) which involves stages due to 
transport of material, adsorption and other surface reactions in addition to 
electron transfer. In a simple approach, this reaction can be considered to take 
place in three stages: 
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(a) transport of reactant from the bulk solution towards the electrode 
surface 

 Oxd(bulk) Ÿ Oxd(surface) (18) 

 
(b) transfer of electrons from the cathode to the reactant at the 

surface of the electrode 

 Oxd(surface) + n e- Ÿ Red(surface) (19) 

 
(c) transport of the product away from the electrode surface into the 

bulk electrolyte 

 Red(surface) Ÿ Red(bulk) (20) 

 
The rate of the overall process will be determined by the slowest step. 
Note that the cases of metal deposition from solutions do not have a stage 
corresponding to (c), eq. (20), as the reaction product remains on the electrode 
surface as a stable species. 
 
 The overpotential is defined as the difference between the actual 
potential (E) and its equilibrium value (Ee: corresponding to the case where 
the circuit is open and there is no overall current): 

 ɖ = E - Ee (21) 

 
 Depending on the level of the overpotential, it is possible to experience 
different conditions for the control of the reaction rate (totally or partly 
controlled by the reactant supply and/or the electron transfer). 
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a)     b)  

c)   

FIGURE 4.    The kinetics of electrode reactions.   
a) Factors which can affect the rate of an electron reaction, 
b) Individual stages involved in an overall electrode reaction, 
c) current density versus overpotential for a electron transfer 

controlled reaction 

Electron transfer control 

When electron transfer is the slow step in the overall reaction, the situation is 
called “charged transfer controlled”, sometimes also called “activation 
controlled”. 

 The situation is summarized in Figure 4c. The overall j vs ɖ curve 
describes the current density as a function of overpotential. We can distinguish 
different zones: 

(i) The origin (j = 0 ; ɖ = 0 ; E = Ee) where the electrode is at 
equilibrium.  
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(ii) Very small overpotentials, close to the equilibrium potential where 
current density is proportional to overpotential, as described by 
equation (22). 

 η
RT
nF

jj 0=  (22) 

(iii) More negative (or positive) overpotentials where the cathodic 
Tafel Equation (22) holds i.e., there is a linear relationship 
between the logarithm of current density and overpotential. 

 )exp(0 RT
nF

jj c ηα
−=  (23) 

where jo and Ŭc are kinetic parameters known as the exchange current density 
and the cathodic transfer coefficient respectively. As a consequence, a log j 
versus ɖ plot will be linear in the so-called Tafel region: 

 η
cb

jj
1loglog 0 +−=  (24) 

where bc = -2.3RT/nF is the Tafel slope. 

Mass transfer control (and mixed control) 

As the overpotential is made more important, the rate of electron transfer 
becomes fast compared to the rate of reactant supply, being rate determining. 
The surface concentration of reactant will fall below its bulk value (see 
Figure 5a) so that mass transport of reactant becomes the important process. 
The current density will continue to increase. However, the relationship 
between current density and overpotential is no longer exponential. The region 
of mixed control commences. Such a situation is favored by the use of high 
current densities. 
 
 Mass transport is of special importance in the field of surface finishing 
of metals for several reasons, for example: 

- The electrodeposition of metal is ultimately rate controlled by the rate 
of mass transport. 

- During metal ion removal from dilute solution (for environmental 
control and recycling purposes), the rate of metal extraction is usually 
mass transport limited. 

- In laboratory experiments, the use of well-defined mass transport 
controlled conditions may be used to gain information on the 
rate/mechanism of a reaction or to obtain physical constants, such as 
the diffusion coefficient of a reactant in a rotating disc electrode 
experiment. 
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Modes of mass transport 

In the general case, there are three contributions to mass transport namely: 
diffusion, convection and migration. 

Diffusion    is the movement of a species down a concentration gradient. It will 
occur when a chemical change takes place at the electrode surface, such as the 
conversion of Oxd to Red. 

Convection    is the movement of a species due to mechanical forces. There are 
two types of convection. In the case of "natural convection", small differences 
in solution density (caused by chemical changes at the electrode surface or by 
localized temperature fluctuations) are responsible for the velocity gradient. 
"Forced convection" is often a dominant mode of mass transport and may be 
induced by electrode movement or electrolyte movement. 

Migration    is the movement of a charged species due to a potential gradient. 
Migration is driven by electrostatic forces and does not discriminate between 
chemically different types of ion but only the size and sign of their charge. 
In practice, it is common to have a high concentration of an inert electrolyte 
whose ions are largely responsible for migration. For example, acid copper 
sulphate electroplating baths contain high levels of sulphuric acid. In such 
cases, the reactant (e.g. Cu2+) is transported by a combination of convection 
and diffusion (“convective-diffusion”) while the H+ and HS04

- ions from the 
background electrolyte carry the migration current. 
 
 According to the reaction Oxd + n e- Ÿ Red, a flux balance exists in 
order to fulfil the law of mass conservation at the electrode surface (x = 0): 

 reactant loss flux = electron transfer flux (25) 

the flux may then be related to the concentration gradient 

 0)( =∂
∂

xx
c

D Oxd
Oxd  (26) 

which may be rewritten in terms of the current density 

 j = - n F DOxd
 (Öcoxd/Öx)x=0 . (27) 

The minus sign signifies that species diffuse from the solution. 
 
 Pure diffusion situations are possible but in most practical situations, 
some convection is present. Even in the absence of external sources of 
movement and/or agitation, a static electrode/electrolyte system will 
experience natural convection due to density differences in the electrolyte 
layers near the electrode [40]-[42]. The combination of convection and diffusion 
can produce complex velocity and concentration profiles near the electrode 
surface. However, a simple treatment is often adopted; it is known as the 
Nernst diffusion layer model. This model assumes that the electrolyte layer 
near the surface of the electrode may be divided into two zones as shown in 
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Figure 6a. Close to the surface, it is assumed that there is a totally stagnant 
layer (of thickness ŭN ) such that diffusion is the only mode of mass transport. 
Outside of this layer (x Ó ŭN) strong convection occurs. In reality, there is no 
such demarcation between pure diffusion and pure convection at x = ŭN. 
Rather, a gradual transition occurs as shown in Figure 6b. 
 
 Eventually, the current is so large that the surface concentration of 
reactant falls to the limiting case of zero. The current density corresponding to 
this condition is fully mass transport controlled. It is the limiting current, jL, 
which is independent of electrode potential but it is strongly dependent upon 
the mass transport (and hence the flow) conditions. It appears as a plateau in 
Figure 3c. 
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(a)  

(b)  

FIGURE 5.    Reactant concentration profiles near an 
electrode surface and the corresponding current density 
versus potential curve for a cathodic process. 

(a) Concentration profile near an electrode surface for a 
series of potential values; the potential becomes more 
negative in the order: E3 > E2 > E1 > Ee ; Ee is the 
equilibrium potential. 

(b) The corresponding current density versus potential 
relationship in the steady state. 
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FIGURE 6.    Profiles of reactant concentration versus distance 
and the current-potential relationship. 

(a) The Nernst diffusion layer profile, showing the defini-
tion of the Nernst diffusion layer thickness ŭN. 

(b) Reactant concentration versus distance from the 
surface for a series of current values: IL>I2>I1>0. It is 
the limiting current, which represents the maximum 
rate or reaction. 

(c) Current versus electrode potential for a mass 
transport controlled reaction. 

 When applying the Nernst diffusion layer model, the concentration 
gradient is given by 

 (Öc/Öx)x=0 = c0-cx=0 / ŭN (28) 

and, as at the limiting current density cx=0 = 0 ,  j be written as 

 jL = - n F D c0
 / ŭN . (29) 
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It can be seen from this expression that for a given electrode reaction and 
electrolyte, the limiting current may therefore be increased by 

- Increasing the diffusion coefficient D by, for example, elevating the 
temperature, 

- Increasing the reactant concentration,  

- Decreasing the Nernst diffusion layer thickness by enhancing relative 
electrode/electrolyte movement. 

4. Convection and diffusion transport 

The simple laminar flow of an electrolyte along an electrode surface gives rise 
to the establishment of an increasingly thickening hydrodynamic boundary 
layer. If an electrodeposition reaction takes place then a concentration or mass 
transfer boundary layer will be established that is related in thickness to the 
hydrodynamic boundary layer (Figure 7). Since the Schmidt number Sc (given 
by ɜ/D, the ratio of the kinematic viscosity to the diffusion coefficient) is high 
in aqueous electrodeposition (~103), it is indicated that the mass transfer 
boundary layer will be much thinner than the corresponding hydrodynamic 
layer. For typical electrolytes, the ratio between the thickness of the diffusion 
boundary layer and the hydrodynamic layer, respectively, is of the order of 10-1 
[7]. 
 
 Close to the electrode surface the velocity approaches zero and the 
transport by convection becomes negligible. In the outer parts of the mass 
transfer boundary layer the concentration gradient and diffusion flux is small 
and mass transport by convection predominates. Thus the situation is such 
that both convection and diffusion are involved in transporting species to the 
electrode from within the mass transfer boundary layer with the transition 
between convective transport and diffusional mass transport occurring 
gradually across the mass transfer boundary layer. In terms of the 
concentration gradient across the mass transfer boundary layer, this manifests 
itself as a much steeper gradient near the electrode surface. It is the magnitude 
of the gradient at the electrode-solution interface that finally controls the mass 
transfer rate to the electrode. 
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FIGURE 7.    Profile of hydrodynamic and mass transfer 
boundary layers along an electrode surface with electrolyte 
flowing in the x direction. 
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CHAPTER 3 

Mathematical models 

1. Governing equations 

Transport 

The transport of each ion species whose flux is denoted NNNNiiii and indexed 
i = 1,2..,n, can occur in solution by three mechanisms: convection, diffusion 
and migration. It is related to the fluid velocity uuuu, the concentration ci and the 
electric potential in the solution ʌs [8]. 

 siiiiiii ÖcuFzcDc ∇′−∇−= uN  (30) 

The first one, called convection flux (ciuuuu), is associated with the motion of the 
solution. Diffusion ( ii cD ∇ ) is caused by a concentration gradient6. It is a 
mixing process that tends to smooth out local differences in species concentra-
tion. Migration ( siii cuFz Φ∇′ ) is caused by the effect of the electrical potential 
field on the charged species. It is usual to minimize this mode of mass 
transport by the use of a large concentration of supporting electrolyte. This 
reduces the electrical field in the bulk of the solution and decreases the fraction 
of the electricity carried by the reacting ions (note that this is not the only 
reason for using a supporting electrolyte). 
 
 The current density is defined as  

 ∑=
i

ii Fz Nj . (31) 

                                            
6 Diffusion is in fact caused by a gradient in chemical potential that, in most cases, is 
approximated by a concentration gradient. 
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Mass conservation 

The exact equation for mass conservation within the electrolyte is 

 0)( =⋅∇+
∂
∂ uρρ

t
, (32) 

where ɟ is the local density of the fluid and uuuu its local velocity. 

Momentum conservation 

The conservation law for momentum (ɟuuuu) of an incompressible fluid is usually 
written in the following way  

 

 Fguuuu
ρρ

µ
ρ

11)( 2 ++∇+∇−=∇⋅+
∂
∂

p
t

 (33) 

where F,F,F,F, the sum of volume forces generally due to gravity and magnetic 
forces, may be written [8] 

 BjgF ×+= ρ . (34) 

It reads 

 Bjguuuu ×++∇+∇−=∇⋅+
∂
∂

ρ
ν

ρ
11)( 2p

t
 (35) 

Conservation equation for ionic species 

Assuming that there are no chemical reactions occurring in the electrolyte, 
conservation of each ionic species i gives, 

 0=⋅∇+
∂
∂

i
i

t
c N ,   for   i=1,..,n (36) 

Conservation of electric charge 

The electrolytes are considered as electroneutral. It indicates that conductivity 
is high enough so that no macroscopic fraction of the solution can be charged7. 
This property is expressed as 

 ∑ =
i

iicz 0  (37) 

the equation for charge conservation is in such condition 

 0=⋅∇ j . (38) 

 
 The set of equations to be solved is formed by equations (32), (35), 
(36) and (38).  

                                            
7 This is true outside of an extremely near-boundary region called double layer. 
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2. Forced convection without magnetic field 

Equations 

The above mention set of equations can be rewritten, with the following 
conditions: 

- the flow is incompressible, i.e. ɟ is constant 
- there is no effect of the gravity 
- there is no magnetic field 
- supporting electrolyte is present 

 0=⋅∇ u   (39) 

 uuuu 21)( ∇+∇−=∇⋅+
∂
∂

ρ
µ

ρ
p

t
 (40) 

 
iii

i cDc
t
c 2

∇=∇⋅+
∂
∂ u   (41) 

 
 Note that in this case there is no need to compute the equation for 
charge conservation (38) as there is no coupling between the current density 
and the other equations. The concentration is the only factor producing non-
uniformity in the current distribution around the surface of the cylinder 
[7][20][22]. 

Boundary conditions 

To determine current densities for a electrodeposition process on the basis of 
these equations, the equations have to be integrated with the appropriate 
boundary conditions. 

 For the velocity field, the usual no-slip condition is applied. On the 
cylinder it gives 

 0u = . (42) 
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 The boundary condition for species concentration must take into 
account the electrode reactions described in the previous chapter. It may be 
written in the general form8 

 wckcD =∇⋅n̂  (43) 

where n̂     is the unit vector normal to the cathode surface, cw is the value of the 
concentration at the wall. The rate of reaction k is taken as a constant on the 
wall. Low values of k (corresponding to lower values of overpotential), imply 
that the charge transfer kinetics at the cathode controls the current density. 
High values of k 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 (see previous chapter). The current 
density on the cathode is slightly below the limiting current density. 

 For the case of limiting current density (i.e. large values of k) the 
concentration boundary conditions at the cylinder wall is suitably written as 

 cw = 0 (44) 

3. Forced convection with magnetic field 

Throughout this work, only action of the magnetic field on the mass transport 
is considered. The modifications of the physical properties of the electrolyte 
and the electrode kinetics are neglected. Also, if we consider the ratio of the 
induced magnetic b field and an imposed external magnetic field B0, we can 
find [26] that b/B0 ~ 10-5. Therefore, only the applied magnetic field B0 will be 
considered. Similarly (V0B0/E0 <<1), the induced current can be neglected. 

Equations 

The set of equations (32), (35), (36) and (38) is now considered with the 
following conditions: 

- the flow is incompressible, i.e. ɟ is constant 
- there is no effect of the gravity 

                                            
8 This way of expressing the reaction rate is slightly different than another way which 
is of common use in electrochemistry: )( 0 wcckcD −=∇⋅n . In the latter case, the flux 

is related to the concentration change across the boundary layer and therefore includes 
the mass transport (and thus flow conditions). In our case, where convection and 
diffusion are explicitly computed, the reaction rate k reflects electrode kinetics effect 
and is thus related to the concentration at the electrode surface. Note that anyhow it is 
easy to switch from one version to another. 
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- supporting electrolyte is present 
- induced electric and magnetic fields are neglected 

 The key difference with the preceding case without magnetic field is 
the term j x B in equation (35) that remains present this time and couples its 
equation with the charge conservation equation (38). The current density 
needs to be computed. 

Calculation of current density 

As written before, it is assumed that sufficient supporting electrolyte is 
present. The electrical conductivity of the fluid, ů, is assumed to be constant. 
The whole flow domain is subject to a steady uniform magnetic field, B. 
Interaction of the electric current with the imposed magnetic field gives rise to 
an electromagnetic force, FL  

 BjF ×=L . (45) 

 The electric current in the electrolyte is due to the transport of ionic 
species described in equation (30). As convection carries an electroneutral 
solution, the processes that actually transport electric current in the bath are, 
in the bulk flow, migration under the imposed electric field E, and in the 
vicinity of the interface, both diffusion due to concentration gradient, and 
migration [40]. Considering that there is only one discharging (or electroactive) 
species at the interface, the current density may be written as the sum of two 
terms, where the first is due to the diffusion of the electroactive (noted ea) 
species and the second is due to a global migration process. This is expressed 
as: 

 ** Φ∇−∇−=+∇−= σσ cFDncFDn eaea Ej  (46) 

where, nea represents the electric charge of the electroactive species, F is the 
Faradays constant, D is the molecular diffusivity and c the electroactive 
species concentration. The electric potential ū* (or electric field E*) which 
appears in the migration term can be viewed as an “apparent” electric potential 
(or “apparent” electric field) such that the conservation of the electric current 
is satisfied. 

 By a substitution of variables in equation (46) the current density can 
be rewritten in the following form 

 fc
FDnea ∇−=Φ+∇−= σ

σ
σ )( *j  (47) 

This involves a scalar function f(x,y,z) that appears as an “effective” potential. 
Then the induced electromagnetic force therefore reads as 

 BF ×∇−= fσL  (48) 

 Eventually, the set of conservation equations for mass, momentum, 
ionic species and electric charge, equations (32), (35), (36) and (38), which 



 MATHEMATICAL MODELS 38 

govern the mass transfer processes in a flowing electrolytic bath under the 
influence of an imposed magnetic field may be written as 

 0=⋅∇ u . (49) 

 Buuuu ×∇−∇+∇−=∇⋅+
∂
∂

fp
t ρ

σν
ρ

21)(  (50) 

 cDc
t
c 2∇=∇⋅+

∂
∂ u  (51) 

 0=∆f  (52) 

Boundary conditions 

The boundary conditions on the electrode surface are the same than in the 
case without magnetic field, but with the following precisions: 
All cases with magnetic field action are studied in limiting current conditions, 
i.e. cw=0. In addition, condition for the “effective” potential must be specified. 
In mass transport limited regime, the current density close to the electrode 
interface is attributed to the diffusion process. That reads as 

 fcnFD ∇⋅=∇⋅=⋅ σnnjn %%%  (53) 

n̂     is the unit vector normal to the surface. 

4. Dimensionless formulations 

A set of suitable scales used to transform the above equations into a dimen-
sionless form can be chosen as 

- the typical length of the electrode, L 
- a typical velocity, U0, in practice the convection velocity 
- the bulk concentration of the solution, C0 
- the dynamic pressure, ɟU0

2 
- the imposed external magnetic field, B0 
- a reference potential,  f0 = nFDC0 /ů 
- a mass transfer length scale is given by the quantity ŭD = 

(DL2/U0)1/3, which is obtained by balancing the convective mass 
flux in the tangential direction and diffusive mass flux in normal 
direction [19]. A scale for the reaction rate is then given by k0

 = 
D / ŭD. 
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Equations 

The dimensionless versions of the governing equations are then 

 0=⋅∇ u  (54) 

 Buuuu ×∇−∇+−∇=∇⋅+
∂
∂

f
ScRe

M
p

t
D

2

2

Re
1)(  (55) 

 c
Pe

c
t
c 21 ∇=∇⋅+

∂
∂ u  (56) 

 02 =∇ f  (57) 

 
The Reynolds, Schmidt and Peclet numbers are defined as 

 
µ

ρ LU
Re 0= , 

D
Sc

ρ
µ=  and 

D
LU

Pe 0=  (58) 

 
MD , called the magneto-diffusion parameter, is defined as 

 
µ

2

00 LBnFC
MD = . (59) 

 
No separate notation has been introduced for the dimensionless variables. 

Boundary conditions 

The dimensionless boundary conditions on the electrodes are 

 u = 0 (60) 

 cf ∇=∇  (61) 

 kccPe =∇⋅ − 3/1n%  (62) 

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

 c = 0. (63) 
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CHAPTER 4 

Numerical Methods 

The flow solver used for the calculations presented in the electrochemical 
studies of this thesis was CFX-4.2 and 4.3, which is a structured multi-block, 
finite volume flow code produced by AEA Technologies [43].  

 CFX is a commercial package for fluid dynamic calculations, based on 
the Finite Volume technique and the SIMPLE family algorithms for the 
pressure-velocity coupling. It is, in principle, a very powerful and flexible code, 
for arbitrary geometries with orthogonal, polar, or body-fitted co-ordinates, 
turbulence models, chemical reactions, two-phase flow, etc.. 

 Unfortunately, magnetoelectrolysis, like MHD in general, is not 
available as a simple option of the code features, and electro-magnetic effects 
must be properly described within the code. The equations describing the fluid 
behavior in CFX can be summarized as: 

- the momentum conservation equation 

 
ρρ

µ
ρ

mS
p

t
+∇+∇−=∇⋅+

∂
∂ uuuu 21)( , (64) 

- the continuity equation 
 0=⋅∇ u  (65) 

- Scalars (ɗ1. ɗ2,…) transport equation 

 
ρ

θ
ρ

θθ θθ S
t

+∇Γ=∇⋅+
∂
∂ 2u  (66) 

 CFX was applied to the dimensionless formulation of the problem 
(54)-(63). The different coefficients necessary for a CFX input were therefore 
chosen as 

ɟ = 1 
µ / ɟ = 1/Re 
Sm / ɟ = (MD / Re2 Sc)∇∇∇∇ f × BBBB 
ɗ1 = c 
ũɗ1 / ɟ = 1/Pe 
Sɗ1 / ɟ = 0 
ɗ2 = f 



 NUMERICAL METHODS 42 

ũɗ2 / ɟ = 1 
Sɗ1 / ɟ = 0 

Such a choice allows an interpretation of the CFX-variables uuuu, p, ɗ1 and ɗ2 as 
the dimensionless velocity vector uuuu, the pressure p, the concentration c, and 
the potential f, respectively. 
 
 A few points that have been implemented in the external routines to 
the code, in particular for evaluations of scalar gradients in the domain and at 
the boundaries, are given below. 
 
 The source term Sm in the Navier-Stokes equations includes the 
Lorentz forces. These forces, corresponding to (MD / Re2 Sc)∇∇∇∇ f × BBBB, depend on 
the gradients of potential ∇∇∇∇ f. Therefore, the gradient of f must be evaluated 
numerically across the domain, to determine the source term in the momentum 
equation. Equation (57) is a purely diffusion transport equation. It is thus 
possible to describe this equation in CFX as a scalar transport equation (scalar 
ɗ2) with “no convection”, which is an available option of the standard solver. 
 
 The multi-block grids were generated using Meshbuild, a sub-program 
of the package. An example of such a multi-block structure is shown in 
Figure 8. A first version of the grid used only four blocks for the surrounding 
zone of the circular cylinder. This kind of grid has distorted cells at block 
boundaries, as shown in Figure 9a. This distortion of the control-volumes of 
the grid may result in errors in the approximations of the finite-volume 
method. This is illustrated in Figure 9b. To avoid such a problem, the multi-
block structure has to be organized in a more complex form, as illustrated in 
Figure 10. 
 
 The major computational difficulty is due to the diffusion layers being 
usually considerably thinner than the hydrodynamic boundary layers (around 
1/10). Thus the computational grid must be very fine near the reacting walls 
compared to that needed for the resolution of the motion of the electrolyte. An 
example of mesh near the wall is shown in Figure 12. 
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FIGURE 8.    Example of multi-block structure of the 
computational domain. 

   

FIGURE 9.    Problem of cell distortion due to the multi-block 
nature of the computational domain. a) distorted cells at 
block boundaries – b) errors in the calculated values of wall 
mass transfer in the zone corresponding to the block 
boundaries. 
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FIGURE 10.    Examples of more complex multi-block 
structures that can avoid cell distortion problems. 
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FIGURE 11.    Grid on the 8 blocks around the cylinder. 
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FIGURE 12.    Mesh refinement close to the cylinder surface. 
The length of the cell corresponds to 3°. 

 
 The numerical scheme is based on the pressure correction method 
where a correction to the pressure field is computed such that the divergence 
of the velocity field is forced to be zero and the continuity equation (54) can 
be satisfied. To avoid the spurious modes in the pressure field appearing when 
computing the velocity components on control volume faces from those on 
control volume centers, 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 difference equation system is solved by an iterative solution method. 
 
 Various differencing schemes were used on the convection terms, from 
first order to third order, these will be discussed in greater detail later in the 
papers.  
 
 For the simulations, Sun Solaris, IBM AIX and Cray J90 versions of 
CFX have been used. 
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CHAPTER 5 

Studies in brief 

PaperPaperPaperPaper    1.1.1.1.                On unsteady electrochemical coating of a cylinder at moderately 
large Reynolds number. 

In this paper, 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 fields were computed with changing mass 
transfer and flux 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 affects 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. 

 It is interesting to note that the results obtained for the distribution of 
mass flux around the cylinder for Re=200 are in very good agreement with on 
site observations of deposit thickness as reported by Josserand [19] (see 
Figure 13). 

0.4 ɛm1.0 ɛm 100 % 42 %0.4 ɛm1.0 ɛm 100 % 42 %42 %  

FIGURE 13.    Left: Industrial measurement [19] ; Right: 
numerical simulation in present work. 
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PaperPaperPaperPaper    2.2.2.2.    Mass transfer on a cylinder with circulation in crossflow at high 
Schmidt number. 

In this paper, we estimate the possibility of solving the industrial problem of 
non-homogeneity of the deposit. It is proposed to generate circulation around 
the circular cylinder to improve the homogeneity of the deposit. Distributions 
of the mass transfer at the surface of the cylinder for different levels of 
circulation imposed around the surface are compared with the standard case 
without circulation.  

 The numerical simulations corroborate the fact that during the force 
convected electroplating of a circular cylinder, the dissymmetrisation effect of 
upstream-downstream asymmetry takes place relatively quickly. The increase 
of mass transfer on the upstream side of the cylinder, resulting from the 
boundary layer effects of the forced convection, is counterbalanced by the low 
mass transfer level in the downstream part of the cylinder. 

 It is thus shown that imposing an optimal circulation movement 
around the cylinder can create a closed recirculation zone around it, resulting 
in a remarkable improvement of the deposit uniformity, with important 
differences depending on the intensity of circulation. 

 As it is difficult to consider producing circulation around each cylinder 
by some mechanical device, the possibility of generating flow circulation by 
using magnetic field is suggested and is the subject of a following paper (P4). 

(a)     (b)     (c)  

FIGURE 14.    Amplified deposit layer thickness. Re=10. 
(a) No circulation,  
(b) and (c) different values of circulation.  
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PaperPaperPaperPaper    3.3.3.3.    Some aspects of the magnetic field action on conducting flows. 

This conference contribution makes a short review of some MHD activities, 
namely: the dynamo effect, believed at the origin of the earth magnetic field, 
and the sea water boundary layers control. Further, the paper focuses on the 
case of mass transfer under magnetic field. This field, named MAGNETO-
ELECTROLYSIS, is concerned of coupling of electrochemistry and magnetic 
fields. A classification of the governing dimensionless parameters that control 
the phenomena is proposed and results of numerical simulations are presented. 
The simulations presented were performed with the commercially available 
finite-volume based code FLUENT, implemented with specific subroutines. 
Two typical situations are presented with their comparisons with available 
experimental data. 

PaperPaperPaperPaper    4.4.4.4.    Magnetic field control of mass transfer on a cylinder with forced 
convection. 

In this paper, the action of a longitudinal magnetic field on the electroplating 
process was numerically simulated. The objective is to resolve the problem of 
the important non-homogeneity of the deposit. Three situations are considered 
where the magnetic field is applied  i) in the whole bath,   ii) in a local zone 
around the cylinder and  iii) in the whole bath but with an alternating 
direction. 

 When the magnetic field is applied in the whole domain, it is found 
impossible to obtain a complete recirculation around the cylinder. The 
magnetic force generates a fluid flow that extends over a large zone around the 
cylinder. 

 When the magnetic field is applied locally around the cylinder, it is 
possible to find appropriate values for the intensity of the magnetic field and 
the size of the zone of application so that a closed recirculation around the 
cylinder is formed. However, we found that it is not possible to obtain a both a 
good homogeneity and high mean value of the deposit, unless very strong 
magnetic field is used. 

 The most interesting results are obtained by applying the magnetic 
field over the whole electrolytic bath, but alternating its direction. With 
optimized values of the magneto-diffusion parameter and of the period of 
oscillation, a very significant improvement of the quality of the deposit is 
obtained in terms of homogeneity and of productivity. 
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FIGURE 15.    Amplified deposit layer thickness. Limiting 
current, Re10. Alternating magnetic field. 

PaperPaperPaperPaper    5.5.5.5.    Numerical modeling of a rotating spray paint atomizer. 

In this paper, the airflow engendered by an electrostatic rotating spray paint 
atomizer has been numerically modeled. Series of calculations carried here 
confirm the ability of modern numerical tools to simulate this type of 
equipment. One among the various kinds of problems encountered industrially 
is the so-called “reverse flow effect”, consisting in an undesirable backward 
directed flow of the paint jet, which seems to be initiated by the well-known 
Coanda effect. 

 The occurrence of the reverse flow is explained and illustrated by a 
simplified geometry. It is shown that the decrease of the distance between the 
rotating disk and the rear wall induces a depression in the zone located 
between the disc and the wall, and that this depression attracts the jet ejected 
tangentially by the rotating disc. 

 The numerical simulations can bring important contributions, helpful 
for producing recommendations for the improvement of prototypes. Examples 
are given of key information obtained for actions to do on the internal flows, 
system design, shape, etc. In particular, the importance of the “shaft flow” for 
the prevention of the reversal is revealed: it is shown that this flow contributes 
to the evacuation of the fluid in rotation, and can prevent formation of a 
depression in the vicinity of the rotating body. Other parameters like airflow 
rate and the dimensions of the surrounding body have been tested. 

 These simulations suggest a new geometry for the system, with 
optimized conical shape, smaller air-gap and smaller surrounding body. 

 Also, the influence of the “skirting flow” on the meridian flow pumped 
by the rotating disk has been studied. It shows the weak influence of the 
incidence angle of this airflow on the dimension of the plume projected on the 
target to be painted. The diameter of this plume as well as its axial speed 
could also be characterized. 
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CHAPTER 6 

Conclusion 

The application of additional fields to electrochemical processes is studied for 
relatively long time [51] with different types of actions (see P3). It is well 
known for instance that this technique allows control of the morphology of the 
electrodeposits [33][34]. 
 
 In this work, the effectiveness of numerical methods applied to the 
electroplating industry is definitely demonstrated. Numerical predictions can 
be obtained and be helpful for understanding of the problem and definition of 
solution strategies. The characteristics of high-Schmidt-number mass transfer 
processes are illustrated, and particularly the importance of different time 
scales. It is shown that numerical methods, that can be used at a relatively low 
cost by adapting commercial packages, can give precious information on the 
influence of hydrodynamics on local aspects of mass transfer processes. This is 
an important aspect since it is difficult to get such information experimentally 
(with microelectrode methods for example). It is also shown that numerical 
tools can successfully be applied to other fields of application of the surface 
finishing industry, like spray-painting atomization. 
 
 Numerical methods have been applied to predict the gain in deposit 
thickness quality and quantity by generating some circulation around the 
electrodes. On plating sites, agitation methods, via turbulent jets for instance, 
are currently in use to compensate non-homogeneity effects due to forced 
convection present in continuous plating. It is found that reasonable magnetic 
fields may be used to generate volume forces that can result in a large enough 
effect for producing flow rotation around the cylinder. The magnetic field can 
be optimized in terms of strength, localization and type of signal. For the case 
of deposition on a circular cylinder, it is found that a magnetic field of low 
frequency alternating direction is the best and may result in impressive 
productivity gain (qualitative and quantitative). 
 
 Magnetoelectrolysis is thus more than ever a promising research and 
development field for the surface finishing industry. Application of magnetic 
fields may act jointly on reaction rates, quality of deposit thickness 
distribution and morphology of the deposit. In this approach, the use of 
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numerical methods may be seen as a promising powerful tool for saving time 
and money. Like in other fields of fluid mechanics applications, simulations 
may give first guesses for design of electroplating cell configurations, especially 
for optimising local effects due to the fluid flow and defining a correct strategy 
for using magnetic fields.  
 
 It has to be noted that in this work, no electrokinetic effects of 
magnetic fields on electrochemical reactions have been taken into account. 
However, it is reasonable to expect that these effects could contribute to give 
even better results. Also, as significant effect is obtained for magnetic fields 
lower than 1 Tesla, the variations of electrolyte properties are estimated as 
negligible. 
 
 
Future Challenges 

- Experimental work 

A essential step in this field of research needs to be taken now. Experiments 
must be carried out in order to get a precise confirmation of these magnetic 
field effects. This seems not to be very difficulty as the values of the magnetic 
fields are relatively weak so that there is no need to make use of 
supraconducting technology. Electrochemical diagnostics methods may then be 
employed in order to get information on both mass transfer and near wall 
hydrodynamics [52]. 

- Other configurations 

Usually, in the industrial process, it is not a single workpiece but a continuous 
array of pieces that is moving through a series of baths. A new step in the 
modeling of such electroplating processes can be taken by studying the effect 
of “closeness” of cylinders, both in classical conditions of plating, without 
magnetic fields, and with the use of magnetic fields. Such configurations, like 
in-line arrangements of circular or square cylinders, could take even more 
advantage of magnetic field control than the single cylinder studied in this 
work. Indeed, the space between workpieces constitutes a place for slow 
“internal” eddies where the “external” forced convection cannot access and thus 
the mass-transfer remains low [12]. The electromagnetic forces should act 
locally as small pumps that force the electrolyte to flow through the 
workpieces.  
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Nomenclature 

A electrode area (m2) 
B magnetic field vector    
b induced magnetic field     
c concentration of metal ions 
c0 bulk concentration (mol m-3) 
D diffusion coefficient of a species (m2 s-1) 
E electrode potential (V) 
F Faraday constant 9.65 105 C mol-1 
FL Lorenz volume force 
F volume force 
g gravity force 
I current (A) 
j current density vector 
j current density (A m-2) 
k rate of reaction coefficient (m s-1) 
L cylinder diameter (m) 
M molar mass (g mol-1) 
N flux of species (mol m-2 s-1) 
n    unit vector normal to the surface    
n number of electrons 
p pressure (Pa) 
Pr Prandtl number 
r radial coordinate 
R cylinder radius (m) 
Re Reynolds number 
Sc Schmidt number 
Sh Sherwood number 
t time 
T time interval 
u velocity vector 
U0 streamwise bulk velocity (m/s) 
X deposit thickness 
x, y cartesian coordinates 
z complex coordinate 



 NOMENCLATURE 
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ɔ circulation (m2 s-1) 
ŭ length scale (m) 
ɗ angular position on the cylinder surface (deg) 
ɡ kinematic viscosity 
µ dynamic viscosity (kg/m s) 
ɟ density (kg/m3) 
Ű time scale (s) 
ū velocity potential 
Ɋ stream function 
ɋ angular velocity 
 
subscripts 
A anode 
C cathode 
D diffusion 
e equilibrium 
ea electroactive, or discharging, species 
H hydrodynamics 
i ion species 
M metal 
Oxd oxidised species 
Red reduced species 
ref reference electrode 
s solution (electrolyte) 
w wall 
wel working electrode 
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